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Abstract? The main objective of this study is to assess the teacher training, and the adaptation of pedagogical methods
extent to which machine learning models can predict the to Morocco$ diverse cultural contexts remain unresolved [1].
effectiveness of Scientific Inquiry Approaches (SIA) in learning  These continuing challenges highlight the need to explore

and teaching within Moroccan secondary education. Data from : . . .
1,392 students, collectedhrough classroom observations and more effectlvg _and contextually responsive instructional
approaches within Moroccan classrooms.

interviews during the period 20212023, were used to develop a
predictive analytics framework. The dataset was meticulously =~ Morocco has participated in the Trends in International
preprocessed by applying missing value treatment and Mathematics and Science Study (TIMSS) since 1999, which
normalization techniques to ensure robustngs. The KkNearest assesses student achievement in mathematics and science.

Neighbor (KNN) algorithm was implemented using the  According to TIMSS 2015 results [2], Moroccan students
scikit-learn Python library. Model performance was evaluated ranked clv. hichlichting the ureent need to impr

using multiple metrics, including accuracy, precision, recall, anked poorly, highlighting the urgent need 1o improve
F1-Score specificity, false positive rate, Receiver Operating Science teaching methodologies, specifically in Life and
Characteristic (ROC) analysis, and Area Under the Curve Earth Sciences, to build future betterment in SIA for
(AUC). The results demonstrate strong predictive performance, enhancing these performances and preparing students for
with an AUC of 0.8875 for interviewbased data and 0.9309 for future Chal]enges. Recent years have seen a growing
observation-based da#, corresponding to prediction accuracies

> eul ald emphasis on inquiry-based learning strategies in science
of 90.2% and 94.5%, respectively. These findings indicate that . S - .
; S . o education. However, the application of predictive analytics
machine learning is an effective tool for predicting the success of

SIA teaching approaches. By integrating complementary data and machine learning to evaluate the effectiveness of SIA in
sources, this study proides novel evidence from the Moroccan Moroccan secondary education remains underexplored. This
educational context regarding prediction reliability. The study addresses this gap by employing machine learning
findings have important implications for improving  algorithms to predict student performance, particularly under
instructional ~practices, ~supporting ~datadriven decision ¢ jmplementation or not of SIA, is largely unexplored; this
making, and informing educational policy. Future regarch may . .
further validate the proposed framework by exploring resea'rch attempts to fill Fhat gap by applying machine
additional machine learning algorithms and broader datasets. ~ 1earning algorithms to predict student performance based on
the implementation or non-implementation of SIA in teaching
Keywords—scientific inquiry approaches machine learning, Life and Earth Sciences. By offering a novel approach to
secondary education, predictive analytics, educational educational evaluation, this research provides insights into
technology the practical effectiveness of SIA in improving student
outcomes. This growing interest reflects a shift toward
[ INTRODUCTION modern, evidence-based teaching practices aimed at
Between 1999 and 2019, Moroc$oeducational system improving both conceptual comprehension and student
underwent significant reforms aimed at addressing systenuiggagement.
challenges rooted in the nati§n colonial history and  Traditional teaching methods, characterized by rote
postindependence developments. Key reforms, including threemorization and passive learning, have proven ineffective
National Education and Training Charter (NETC), thén fostering deep understanding and critical thinking.
National Emergency Education Plan (NEEP), the Educatid®onsequently, there is a growing shift toward integrating SIA
Action Plan (EAP), and the Strategic Vision for Moroccarnnto science education. Theapproaches engage students in
School Reform, have substantjalimproved access to active learning through exploration, investigation, and the
education, particularly at the primary level, where enrollmemonstruction of scientific knowledge. Such involvement
rates have reached 100%. However, challenges persmthances both scientific practices and conceptual
particularly in adult literacy, reflecting enduringunderstanding [3]. By engaging in SIA, students develop
sociceconomic disparities and gaps in educational qualitgs&ntial competencies, such as critical thinking,
Despite efforts to enhance infrastructure and expamoblemsolving, and communication, which are crucial for
educational opportunities, issues such as resource allocatisugccess in the 21st century. SIA are widely recognized as
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effective teaching methods that empower students itmprovement in science education practices in Moroccan
understand science and develop scientific thinkhé]. SIA  secondary schools. In light of this, this study seeks to present
encourages learners to formulate research questions, condwidence-based literature that is relevant to preservice and
investigations, evaluate findings, and draw conclusions. Thigacticing teachers, as well as public policymakers in the
approach shifts the focus from teacleentered instruction to governance of science teaching curricula. Through such
learnerdriven education [6]. The teach®rrole is to facilitate findings, there would be indicated the effectiveness of SIA in
inquiry by posing questions and guiding students in explorirthe Moroccan context, therefore guiding educational
scientific concepts [7, 8]. Inquitpased learning involves strategies in facing the challenge of enhancing the
constructing evidenebased explanations, engaging in peeengagement of students, deepening understanding, and
review, and refining scientific arguments. Argumentation promoting scientific literacy in the future. Thus, this research
creating, justifying, and evaluating scientific explanatidns contributes to both theoretical and practical insights that may
is a core practice of inquiry and a critical component cfupport the advancement of science teaching in Morocco.

scientific literacy [9]. Through these prases, students This study investigates the effectiveness of SIA in
refine their explanations, moving closer to scientifienhancing students’ scientific understanding and attitudes
understanding. Therefore, strengthening the integration wfward science. The research consequently seeks to establish
SIA may contribute to meaningful improvements in scienckow SIA influences students’ abilities concerning

learning outcomes in Moroccan classrooms.

In Moroccan secondary education, the integration of SIA
holds significant promise for transforming traditional
teaching methods that often prioritize memorization over
conceptual understanding. SIA provides students with
opportunities to explore scientific phenomena, enhancing
engagement and learning outcomes. Kouchou e al. [10]
emphasize the need to clarify the investigative approach to
ensure meaningful adoption by teachers. However,
integrating SIA into the Moroccan educational system poses
challenges, particularly in measuring its effectiveness. The
implementation of this approach is promising and important
in the same time in the field of the science of education [11].
Moreover, different studies bring different dimensions to the
use of machine learning in education sciences as a tool for
prediction of performance. Khoudi et al. [12] implement
machine learning techniques to examine contextual
predictors, especially the pivotal influence of school
resources and teacher attributes and home environment as
determinants of exceptional reading performance among
Moroccan fourth graders. Korkmaz and Correia [13] provide
an overview of the current state of machine learning, as it
pertains to educational technology use, trends, methodologies,
and a number of key contributors to this growing field.
Specifically, Sadqui et al. [14] have inspected the predictive
power of machine learning models for on-time graduation
rates and how the Random Forest model works out
excellently, for higher education management. The studies
provide substantial contributions to how machine learning
can be applied in education: from reading performance
improvement to graduating timeline optimization and, more
importantly, guiding educational technology research. Yet,
the integration of machine learning to evaluate the impact of
SIA in secondary science education remains limited, which
creates a need for further empirical investigation.

This study in science attempts to assess the effectivity of
SIA teaching methods in the subject of life and earth sciences,
looking at their eventual effects on students’ learning
outcomes and the extent of mastering the targeted
competencies within Moroccan secondary education. The
two major research objectives are: a) to develop a robust
predictive model, based on machine learning algorithms, for
the assessment of instructional methods’ effectiveness for
SIA within the field of life and earth sciences; and b) to
provide data-driven insights with recommendations for

formulating research questions, conducting investigations,

and engaging in scientific argumentation. On this background,

the following research questions are addressed:

1) How does participation in SIA impact students’ ability to
develop and articulate research questions based on
scientific curiosity?

2) What is the relationship between SIA and students’ skills
in conducting scientific investigations and drawing
evidence-based conclusions?

3) How does SIA influence students’ engagement in
scientific argumentation and overall scientific literacy?

4) What are the perceived challenges and benefits of SIA
from the perspectives of students and educators?

5) What do students and educators perceive as major
challenges and benefits of SIA? The study aims to
investigate these questions and better document the
efficacy of SIA as a pedagogical approach with its
implications for the improvement of practices in science
education.

The primary objectives of the study are:

1) To construct a predictive model with machine learning
algorithms for assessing the effectiveness of SIA
techniques in Moroccan secondary schooling.

2) To identify evidence-based methods for enhancing
scientific education practices based on students’ learning
outcomes.

This paper provides several significant contributions:

1) It introduces the novel application of the KNN algorithm
for forecasting the effectiveness of SIA methods in
science education.

2) It offers empirical evidence regarding the impact of
varying SIA methods on secondary school students’
motivation and learning achievement in Morocco.

3) It makes evidence-based, practical recommendations for
policymakers and educators to enhance science education
practices and integrates predictive analytics into
educational decision-making.

In Section I, we present the introduction, including the
background and history of the Moroccan educational system,
challenges in integrating Scientific Inquiry Approaches (SIA),
and the research questions. Section II reviews the relevant
literature on SIA methodologies and the application of
machine learning in educational contexts. Section III outlines
the theoretical framework guiding this study. Section IV
describes the research methods, including data collection and
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preparation. Section V presents the algorithm selection
process. Section VI details the results and findings, including
observational and interview data as well as the performance
of the KNN model. Section VII discusses the findings, their
implications for educational practice, and study limitations.
Section VIII concludes the paper, summarizing contributions,
limitations, and recommendations for future research.

II. LITERATURE REVIEW

Recent studies in educational sciences underscore the
importance of adopting a learning approach that engages
students. In the field of Life and Earth Sciences, blending
inquiry science and predictive analytic modeling has been of
much interest. To define the purposes of the research, the
literature review was classified into four categories: (1)
inquiry learning practice in the teaching of Life and Earth
Sciences, (2) cognitive and motivational factors affecting
inquiry abilities, (3) applying machine learning to predict
scholarly achievement, and (4) applying scientific reasoning.

Several studies have pointed to the significance
inquiry-based  instruction in  encouraging

et al. [11] established the significance of inquitpsed
instruction in encouraging studeffiactive participation in

student
participation and scientific thinking. For example, Hassouni

feasibility of AI/ML-assisted planning. Balaji et al. [18], in
notable research, have underscored the importance of ML
model adaptability. The proposed research supports
Balaji et al. [18] but has a distinct perspective, namely,
evaluating the efficacy of SIA models.

Moreover, the conceptual foundation of inquiry learning is
tied to broader discussions of scientific reasoning in
education.

The theoretical background of inquiry learning is
supported by research on scientific reasoning. Emden [19]
has emphasized the reintroduction of genuine SIA as a means
of encouraging critical thinking [20]. This research supports
the value of teaching inquiry as a learning tool, but it has
limited empirical support based on actual everyday classroom
environments, specifically in Life and Earth Sciences. This
study aims to fill this gap.

Based on this synthesis, three significant research gaps
have been identified:

e The available literature on the Moroccan context

of discusses the challenges faced in the implementation of

inquiry-based learning but does not include empirical

validation of its impact on learning outcomes.

e Research on inquiry effectiveness has been based on small
samples, making it necessary to conduct larger-scale

Moroccan Life and Earth Sciences classrooms. The results, research in a number of schools.
however, underscore the fact that teachers must be providedMachine learning has been utilized to predict overall
with continuous pedagogical support to implement the academic achievement, but it has not been used to predict

instruction. In a similar fashion, Kouchoat al. [10]

the efficacy of SIA in teaching Life and Earth Sciences.

examined the challenges and merits associated with The proposed research addresses the identified gaps within
integrating inquiry instruction within the Moroccan contextthe context of a comprehensive empirical study, utilizing
The findings from these studies are directly applicable to theachine learning to evaluate and forecast the results of
proposed research, which aims not only to contribute toquiry-based learning within Moroccan Life and Earth

knowledge on the challenges ssaciated with

the Sciences classrooms. To support this empirical investigation,

implementation of inquiry instruction but also to measure thié¢ is essential to ground the study in relevant theoretical

actual impact on student outcomes.

Building on this, it is also important to consider how
internal learner characteristics influence the success of
inquiry-based learning.

The impact of inquiry-based learning can also be
influenced by student-specific factors such as gender.
Nehring ef al. [15] identified the interplay between cognitive
attributes, motivational factors, and individual student
backgrounds in determining the development of inquiry
abilities in science. Their findings indicate that the
effectiveness of instruction is not solely dependent on
instructional practice; individual factors about the learner
play an equally important role. The main shortcoming of
Nehring et al.’s [15] findings is the small scale of their study,
which limits generalization, warranting a broader study, as
conducted in the proposed research.

At the same time, recent developments in educational
technology have introduced new methods for evaluating
learning outcomes, including machine learning.

Machine Learning (ML) has numerous applications in
predictive analytics in the education sector. The applicability
of ML algorithms in forecasting the performance of
Moroccan physics students has been demonstrated; however,
limitations in model flexibility were suggested by
Qazdar et al. [16]. Supporting the use of ML, Tarik et al. [17]
demonstrated AI/ML prediction systems, specifically within
the context of the COVID-19 pandemic, explaining the

perspectives that explain how inquiry-based learning
facilitates knowledge construction and self-regulation.

The theoretical foundation of this research work is based
on constructivist learning theories and self-regulated learning
theories, which form a strong framework to analyze the
effects of SIA. Constructivism, based on the theories of
Vygotsky [21], emphasizes a learner’s construction of
knowledge. These tenets have been incorporated in SIA. In
SIA, students are involved in questioning, investigating, and
building explanation-based responses, which help in
enhancing their conceptual knowledge in science education
on a deeper level [3, 6, 8].

In regards to the Moroccan Life and Earth Sciences
environment, SIA is a foremost constructivist approach to
teaching, encouraging learning to go from memorization to
knowledge construction [10, 11]. In regard to the efficacy of
inquiry-based learning, the level of learner engagement, as
well as cognitive self-management, becomes a consideration.
It is at this juncture that the concept of self-regulated learning,
proposed by a foremost cognitive researcher, Barry
Zimmerman, based on Albert Bandura’s social cognitive
theory, becomes a vital consideration within this
dialogue [22, 23]. Self-regulated learning views a learner’s
knowledge as a means to monitor, regulate, and control their
own learning behaviors [24].

SIA is inherently supportive of self-regulated learning, as
it provides situations in which autonomy, perseverance, and
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reflection are required [5]. In student-designed investigations,
as well as in data analysis, students have set personal goals,
tracked progress, and refined approaches. The development
of these skills is a complex function of a multitude of
cognitive and motivational, as well as sociodemographic
factors [15], thereby pointing to the importance of these
facets in judging SIA’s efficacy.

In order to formally measure the degree of this impact, the
research incorporates predictive analytics using machine
learning. Machine learning has been previously utilized
extensively as a predictive tool for analyzing academic
achievement [16, 18], though within this research, it is
utilized to predict the success of SIA directly. This enables a
predictive approach to be taken rather than a descriptive
approach, as has been criticized within research [10, 11].

By integrating SIA within these interrelated theoretical
frameworks, it becomes apparent within this research that
SIA has dual applicability as a tool for enhancing concept
knowledge in Life and Earth Sciences, as well as a tool for
facilitating the development of higher order, self-regulated
skills.

III. METHOD

This study builds on a theoretical framework that
highlights the dual role of SIA in enhancing both conceptual

understanding and self-regulated learning. Using a quasi-
experimental design, it investigates how effective SIA is in
Moroccan secondary school Life and Earth Sciences classes.
The research design and data collection methods are rooted
in constructivist principles, ensuring that students are actively
engaged in inquiry activities. At the same time, the
assessment of outcomes utilizes predictive analytics to
quantitatively measure the impact of SIA on students’
learning and their self-regulatory skills.
The data flow diagram of the methodology used in this
study is illustrated in Fig. 1. It provides a clear precise
overview of the main steps, starting from data collection to
model validation. The process includes the following stages:
e Data Collection: Gathering raw data from relevant
sources such as observations and interviews.

e Data Preparation: Structuring the data for analysis.

e Data Preprocessing: Handling missing values,
normalizing features, and addressing outliers.

e Algorithm Selection: Implementing the KNN algorithm
for prediction.

e Model Evaluation: Measuring performance using metrics
like accuracy and F1-Score.

e Model Validation: Testing the generalizability of the
model on unseen data.

DATA Traitement Validation
P e | " |
I Interviews Observations I I Methods !
|
1 I Factors : AUC-ROC Accuracy I
| | > s
! i e Gender I ;rec:lsllon :
I | o Age B ercsa :
I 34 classes [ ~>| o  Social situation : s core I
: of : e Environnement I pleaf feity I
: students | e School level : F:P;e Positive Rate I
I I e Use or no use of SIAs. |__(_)_________I
[ 1 e Correct answers
________________ e Wrong answers Results
Pre-processing o effectiveness
Algorithms (ML)
| | | l Prediction
Testing Training | KNN | : Of effectiveness
20% 80 % p— s -
Fig. . Data flow diagram.
A. Research Design the depth of qualitative insights and the breadth associated

The current study will follow a mixethethod With quantitative data. Many scholars have reported

approach [25] that combines the framework of classroonfdvantages associated with this apprdazh28], who strive
observations (quantitative data) anebiepth interviews from to underline its value in the production of robust and
students (qualitative data). This will be conducted to provid&ell-rounded research findings.

an allrounded assessment of the effectivenessStk Nair and Prem[27] written to emphasize thease of
methods [26] on the use of educational technobgy_confluence in qualitative and quantitative approaches to
Moreover, mixeemethod research is a procedure thatesearch. The prime importance of introduction of
combines both qualitative and quantitative approaches withiixed-method research comes at the point where it provides
one research study, thus fully answering complicatdfle researcher with the means of arriving at awdeipth
research questions. In the mixetbthod approach, deeper understanding of the root cause of a complex issue by
understandingfthe studied phenomena is achieved throug@Xploiting the positive features dfoth branches of the
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research method. These highlight careful design amdorocco, totaling 1392 students, with 66% from seuaral
interpretation of mixeanethod research so that the findingsareas and 34% from urban areas, 59% female and 41% male,
are valid and reliable. In this respect, Ma§?8] insists that and distributed across middle and high school levels.
mixed-method research is necessary for understandi@assroom observations and sestructured interviews were
complex social experiences. It promotes moving beyond tieenducted to capture demoghéc, contextual, and
gualitativequantitative divide by emphasizing constructivisieducational varlles. Fig 2 summarize the distribution of
approaches and methodological creativity. Mason pusample characteristics. While representative of the
forward some priciples of effectively integrated approachesparticipating schools, generalizations beyond these
being reflexive and recognizing the validityf enultiple demographics should be approached with caution.
approaches by using flexible research designs. Ultimately, This data was obtained through classroom observations
this paper invites a more innovative and comprehensivilat utilized glimpsing and serstructured interviews with
approach toward understanding social realities. the students. Observations were detailed and recorded by
B. Participants and Sample Characteristics using a standarpl opservation gfid that ensured equjvglence
. and resolution in differanconditions. Key characteristics

It involved 34 classes of secondary school students ja.orded in such observations included the class
Morocco, in particular those engaged in inqised  onyironment, sex, age group, social context, current school
activities in Life and Earth Sciences. The sample consisted@fade, total student count, application and-application of
1392 students, opserved and mterv_lewed during t@A, right and wrong answers, and overall learriig! of
20212023 academic years. Moreover, it was underscoregl formance. The sample was 34 classes that encompassed
that all data would be anonymized to safeguard the3gy students with a 66% population from seual parts
identification of the student participating. _ and 34% from other urban localities. The distribution is as

The study employed purposive sampling to includgnown in the pictorial graph in Fig(A). It is seen that the
secondary school classes actively engaged in Life and Eafflijgence of the student population varies depending on other

Sciences, with and without inquityased approaches. Thegqcigeconomic and demographic factors in other individual
sample comprised 34 classes from 12 schools acrqg$s,seholds.

A | Distribution of Students by Residence Type

Gender Distribution of Student Population

66%
41%
Male

Represents male
students in population

Students living in
semi-rural areas
Urban

Students living in
urban areas

Represents female
students in population

Distribution of Students Across scholar IE'

levels

Student Learning Approaches

Second Year High
school students

Students in their second
year of high school

34%

Without
Scientific Inquiry
students not using

inquiry methods

48%

Students in their second

students using
year of middle school

inquiry-based learning

Fig. 2. Distribution of characteristics in a sample used for predicting student performance.

The distribution of students across the educational levatsdependent coding by two trained researchers, and
of the second gradg middle and high school is 66% andtriangulation between observations and interviews
34%, correspondingly. This distribution is summarized as istrengthened the validity of the findings.

Fig. 2(B). Gender distribution also obtained information on Semistructured interviews were conducted with a subset
the gender of the students 41% male versus 59% female. Toiisthe student participants following these observations to
spread of gender is illustrated in F&{C). In addition, results better understand the studefifserception of the applied
indicated that 52% of the students used a SIA, while 48% didquiry approach; challenges and successes regarding the
not, as shown in Fig2(D). To ensure reliability and validity learning process; and the effectiveness of using educational
of the qualitative data,classroom observations weretechnology tools. This duahethod approach gave great
conducted using a standardized observation grid, anbight into educational dynamics and the impact of BIA
semistructured interviews were performed with a subset dfife and Earth Sciences classrooms.

students. Interater reliability was assessed through The study sample consisted of 66% semirural and 34%
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urban students, with a gender distribution of 59% female and
41% male. This reflects national trends: for example, female
gross secondary school enrollment in Morocco was
approximately 82.4% in 2021, and the female-to-male
secondary enrollment ratio was near 95.1% [29]. However,
rural-urban disparities persist; girls aged 12—14 in rural areas
enroll at about 72.3% versus 86.7% nationally, and rural girls
aged 15-17 enroll at around 33% compared to 63.6%
nationally [30]. Therefore, although the female majority and
semirural composition of our sample mirror real demographic
patterns, it may limit the extent to which findings generalize
to different populations, such as urban or male-dominated
schools. Consequently, results should be interpreted with
caution, and future studies should consider more balanced
and diverse samples across regions and school types to
enhance external validity.

C. Data Preparation

The research uses a dataset of results of students exposed
to either the SIA or the non-inquiry approach using two tools:
Interviews and observations. The dataset shall be prepared by
removing missing values [31], then normalizing the data for
consistency and accuracy in the subsequent analysis. In this
research, we worked extensively with three classes that
adopted the SIA for teaching and learning of earth life
sciences. At the same time, an equal number of classes
adopted the traditional way of teaching, without the adoption
of the SIA. We may add here that in order to properly
determine the effects of these SIA; we adopted a two-pronged
data collection approach. The first aspect involved interviews
whereby the life sciences teacher administered three
questions at the end of each science session, crafted in a way
that they centered on the course’s theme; the purposeful
questioning was meant to assess how much the students were
absorbing from what was taught. In particular, students who
scored at least two out of the three questions were classified
in the group that worked with the effective technique, while
anything less and they were thrown into the second category.

The next aspect of data collection was the observations.
Here, we carefully recorded their participation and activity
toward constructing course materials. This consisted of a
critical analysis of their responses and interactions triggered
by questions proposed by the instructor during classes. First,
it is important to note that we are research collaborators who
worked with volunteer instructors who kindly participated in
the implementation of this research project. Moreover, the
database that contained all the students’ results after learning
using the SIA as well as with the non-SIA was carefully
cleaned. This involved removing missing values from all
cases before normalization took place. These were some of
the preparatory steps to provide a bedrock of consistency and
precision for analytical pursuits that would follow.

The qualitative data obtained from group interviews
(students’ responses to exam-style questions analyzed with a
coding grid) and from classroom observations (student
participation rates during inquiry-based activities) were
systematically transformed into quantitative variables. This
conversion was performed using Python, where the coded
responses and participation frequencies were processed into
numerical datasets suitable for machine learning analysis.
This ensured that both engagement indicators and conceptual

mastery could be represented in a structured empirical format
for predictive modeling.

D. Data Collection

The data was collected by observing classrooms that were
followed up by interviews with the students. Some of the key
attributes recorded were class environment, gender, age
bracket, social situation, educational level, the number of
students, use or non-use of SIA, correct and wrong responses,
and the effectiveness of learning. All observations were
recorded in a standardized way to ensure consistency and
reliability. Moreover, interviews were carried out with a
subset of students in order to learn in greater depth about their
experience. It focused on the perception by students of the
applied SIA, the problems encountered and successes scored
during the learning process, and the working of educational
technology tools.

Semi-structured interviews were transcribed verbatim and
analyzed using a coding grid developed from the research
objectives. Each transcript was reviewed, and meaningful
units were assigned to predefined categories, with additional
emergent themes incorporated iteratively. Two independent
coders applied the coding grid to a subset of interviews to
en