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Editorial

Human-Centered Intelligence: Technology, Inclusion, and Sustainability in a Transforming Society

Technological innovation is reshaping how societies learn, communicate, make decisions, and respond to
complex environmental challenges. Artificial intelligence, machine learning, assistive technologies, and
automated language systems now influence activities ranging from classroom instruction and urban environmental
management to bilingual literacy and international destination marketing. Yet the significance of these
technologies cannot be assessed solely through their technical performance. Their academic and social value
ultimately depends on whether they enhance human capabilities, expand accessibility, respect cultural meaning,
and contribute to sustainable development.

The four articles in this issue of Latin American Business and Sustainability Review (LABSREVIEW)
examine this broader transformation from distinct but complementary perspectives. Together, they suggest that
innovation should not be understood as the simple adoption of increasingly sophisticated tools. Instead,
meaningful innovation requires the deliberate integration of technology with pedagogical principles,
environmental responsibility, linguistic sensitivity, and human judgment. This issue is therefore organized around
the theme of human-centered intelligence: the design and application of intelligent systems in ways that remain
responsive to people, communities, cultures, and the environments in which they operate.

This theme is particularly relevant for Latin America and other culturally and linguistically diverse regions.
Although emerging technologies can help address persistent educational, environmental, and economic
challenges, their implementation also raises important questions. Who benefits from technological innovation?
Whose knowledge, language, and cultural meanings are represented? How can accessibility be incorporated from
the beginning rather than treated as an afterthought? When should automated outputs be accepted, and when is
expert human intervention indispensable? The contributions in this issue engage with these questions across
education, environmental science, bilingual literacy, and intercultural communication.

The issue begins with Melissa Fiori's article, "Social Constructivism, UDL, and Instructional Design in the
Al-Enhanced Spanish L2 Classroom: Operationalizing Theoretical and Practical Implementation.” The article
addresses a central concern in contemporary higher education: how artificial intelligence can be incorporated into
teaching without displacing either learner agency or the educator's pedagogical role. Fiori integrates social
constructivism, Universal Design for Learning (UDL), and instructional design into a conceptual model for Al-
enhanced second-language education. Social constructivism provides the theoretical foundation for understanding
learning as a socially mediated process, while UDL offers a practical framework for designing flexible and
accessible learning experiences.

Rather than treating artificial intelligence as an autonomous instructor, the article positions it as a
pedagogical resource whose value depends on thoughtful instructional mediation. The educator remains
responsible for establishing learning objectives, designing meaningful interactions, evaluating outputs, and
guiding students' critical engagement with Al-generated content. This contribution is especially important at a
time when educational discussions often oscillate between uncritical enthusiasm for artificial intelligence and calls
for its restriction. Fiori offers a more productive position: Al can support accessible, collaborative, and engaging
learning, but only when its use is grounded in sound learning theory and deliberate instructional design.

The second article moves from educational innovation to urban environmental sustainability. Daniel
Leonardo Gonzalez Torres, Maria Isabel David Otalvaro, and Ricardo Andres Santa Quintero present “Multi-
Output LSTM-Based One-Step-Ahead Hourly Forecasting of PMa.s and PMio at an Urban Station in Bogota: A
Two-Year Performance Analysis.” Their study develops a deep-learning model to forecast hourly concentrations
of two major atmospheric pollutants at the Fontibon monitoring station in Bogota, Colombia.

Using a multi-output Long Short-Term Memory network and a seven-day sliding observation window, the
authors demonstrate the capacity of machine learning to identify nonlinear temporal patterns in urban air-quality
data. The model explains approximately 70% of the variance during the validation period, providing a
reproducible proof of concept for the development of urban early-warning systems. The contribution extends

LABSREVIEW3(1), https://doi.org/10.70469/labsreview.v3il.49. www.labsreview.org



iv

beyond predictive accuracy. Reliable short-term forecasts can support public-health advisories, environmental
policy, institutional planning, and more responsive urban management. In this context, intelligent systems become
instruments of environmental governance. The study demonstrates how data-driven innovation can contribute to
healthier and more sustainable cities, particularly in high-altitude urban environments where atmospheric and
meteorological conditions create distinctive pollution challenges.

The third article, “Accessibility Meets the Science of Reading in Spanish English Dual Language
Classrooms,” by Irene Oramas Sosa and Carlos Zarzalejo, returns to education but addresses it through the
intersecting perspectives of bilingual literacy, accessibility, and educational equity. The authors introduce the
concept of inclusive biliteracy, defined as the coordinated development of literacy in Spanish and English within
instructional systems designed to be equitable from the outset.

Their framework brings together four dimensions: structured literacy, cross-linguistic development, UDL-
based accessibility, and technology-supported instruction. This integration is significant because multilingual
learners, and particularly multilingual learners with disabilities, are often served through fragmented educational
approaches. Literacy development, bilingual education, accessibility, and educational technology may be treated
as separate areas, even though they converge in the lived experiences of students. By connecting these domains,
the article presents accessibility as an infrastructural condition of effective education rather than a supplementary
accommodation. The authors also connect inclusive biliteracy with equity and human-capital development.
Accessible bilingual instruction expands opportunities for learners to participate fully in education and society
while preserving the cognitive, social, and cultural value of multilingualism. Importantly, the framework generates
testable propositions that can guide future empirical research. It therefore provides both a conceptual foundation
and a research agenda for examining how inclusive biliteracy can be implemented and evaluated across
educational settings.

The issue concludes with Pamela Doran and Carlos Zarzalejo’s “Critical MT Praxis: Machine Translation
and Tourism Slogans in Latin America.” This article examines a less visible but increasingly consequential
dimension of automated intelligence: its mediation of cultural meaning. Tourism slogans are not merely
informational statements. They are condensed expressions of identity, emotion, and destination positioning
intended to create an affective relationship with prospective travelers. When these slogans are processed through
automated translation systems, lexical accuracy alone cannot guarantee communicative effectiveness.

The authors analyze 40 Latin American tourism slogans using Google Translate, DeepL, and Microsoft
Translator and compare their outputs with human translations. Although 52.5% of the machine-generated
translations achieved high fidelity, the analysis identifies recurring problems involving literalism, tonal flattening,
lexical imprecision, and culturally misleading cues. DeepL generally produced the most natural results, but none
of the systems consistently preserved the full persuasive and emotional force of the original slogans.

Through their proposed Critical MT Praxis framework, the authors demonstrate that machine translation
must be assessed not only in terms of semantic correspondence but also through its cultural and affective
consequences. This finding has direct implications for tourism marketing, destination branding, and intercultural
business communication. Automated systems can facilitate multilingual communication, but human linguistic and
cultural expertise remains essential when communication depends on emotion, identity, and persuasion.

Collectively, the four articles show that technological effectiveness and human-centered design are not
competing priorities. They are mutually dependent. Artificial intelligence in the classroom requires instructional
mediation; environmental forecasting requires connection to public decision-making; bilingual education requires
accessibility by design; and machine translation requires cultural and affective evaluation. Across these contexts,
technology becomes valuable when it supports human agency, expands participation, strengthens informed
decisions, and responds to the particularities of language, place, and community.

This issue invites scholars and practitioners to move beyond asking whether intelligent technologies should
be adopted. The more consequential questions concern how they should be designed, governed, interpreted, and
integrated into social systems. By addressing these questions across disciplinary boundaries, the articles reinforce
LABSREVIEW's commitment to research that connects innovation with sustainability, inclusion, and the realities
of Latin America and its global relationships.

The future of intelligent systems will not be determined by computational capacity alone. It will depend
equally on the educational, ethical, cultural, and institutional choices that guide their use. Human-centered
intelligence offers a framework for making those choices responsibly—and for ensuring that technological
progress contributes to more accessible, sustainable, and culturally responsive societies.

Dr. Luis José Camacho
Editor-in-Chief

SUNY Empire State University
USA
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lack of conceptual models that demonstrate how Al can be pedagogically operationalized
within established learning frameworks in ways that preserve learner agency and reaffirm
the educator’s role. Existing literature often emphasizes technological affordances or
learner outcomes without articulation about how instructional design serves as a mediator.

This paper posits that social constructivism offers the theoretical framework and UDL
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enhanced learning environment, when mediated by instructional design, and does so on
the backdrop of interpersonal communication at the elementary level, Spanish as a second
language (L2-Spanish), and higher education courses. It is a conceptual contribution that
integrates theory through a design-based, illustrative example.
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1. Introduction

How do Social Constructivism, Universal Design for Learning, and Artificial Intelligence work together to
make learning more helpful, accessible, engaging, and sustainable? Social Constructivism (SC) is a learning
theory that posits that learners learn best through social interactions mediated by experts (Vygotsky, 1979).
Universal Design for Learning (UDL) principles center on designing lessons accessible to all learners (CAST,
2025). Al is a tool that can align with both frameworks to support educators and learners alike. By using ChatGPT
in a UDL-centered classroom, educators set the stage for the collaborative learning that Social Constructivism
encourages while remaining anchored in the process. While the alignment among Social Constructivism, UDL,
and Al is readily imagined, the literature has yet to provide clear models for how this alignment can be
pedagogically operationalized in instructional practice. Despite the rapid growth of scholarship on artificial
intelligence in (language) education, much of the existing literature emphasizes technological affordances, learner
outcomes, or ethical concerns without sufficiently articulating how Al can be pedagogically operationalized
within established learning frameworks. In particular, there is a lack of theoretically grounded, design-oriented
models that demonstrate how Al can be integrated into instructional practice in ways that preserve learner agency
and reaffirm the educator’s role. This paper is a conceptual piece that addresses that gap by advancing Social
Constructivism as the theoretical framework and Universal Design for Learning as the practical framework
through which Al-enhanced instruction can be intentionally designed and mediated. Using an interpersonal
communication task in the second language Spanish classroom as an illustrative example, this paper demonstrates
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how these frameworks can be operationalized through instructional design, while positioning the educator as an
essential facilitator of learning. It further discusses the need for institutional investment in professional
development for educators and the support personnel offices (Centers for Teaching and Learning, Instructional
Design, Instructional Technology, Accessibility Officers) that are the cornerstones of 21st-century education.

2. Literature Review

Artificial Intelligence refers to computer programs designed to mimic human intelligence. Generative Al is
a specialized subset of Al that uses large datasets to generate new content. Large Language Models (LLMs) are a
subset of generative Al systems that produce human-like output based on the datasets they are trained on.
Educational applications of Al have enabled gamified learning tools such as Kahoot!, Quizlet, and Duolingo;
auto-generated practice, scoring, and adaptive learning options that textbook publishers now offer; planning
assistant apps and rubric generators; and grammar-assist tools, among others. ChatGPT, My Conversation Trainer,
and CallAnnie offer conversational practice, while Google Arts & Culture invites virtual field trips, city and
museum tours, and free cultural exploration.

Studies on Al and Generative Al’s application in language learning are abundant and build on decades of
technology-mediated language learning research (Bax, 2003; Fiori, 2005; Hubbard, 2008; Warschauer, 1996,
2000;). While AT offers immediate, personalized feedback (on writing) (Alharbi, 2023; Obaidoon & Wei, 2024),
which can result in learning autonomy and self-regulation (Ng et al., 2024; Wu et al., 2025), there are concerns
about overreliance (Ducar & Schocket, 2018) and the quality of the output learners were exposed to (Nifio, 2009;
Sharma et al.,2025). Al can scaffold reading tasks to improve comprehension, thereby reducing task anxiety
(Yuan, 2025) and promoting emotional well-being (Rezai et al., 2024), but there are concerns about the distinction
between shallow and deep learning (Kos’Myna, 2025). Al can expand learning opportunities beyond the
classroom (Crompton et al., 2024; Hockly, 2023; Ji et al., 2022), thereby increasing equity and inclusion, a focal
point of technology access for social justice (Dooly & Comas-Quinn, 2025). However, not all learners have access
to internet resources, which can contribute to unequal access to learning (Hockly, 2023). Al has the potential to
help to improve academic performance (Deng et al., 2025; Zhou, 2023), and L2-speaking skills (Hao & Min,
2025), but with increased use are increased concerns about transparency and ethics surrounding that use
(Crompton et al., 2024; Dwivedi et al., 2023; Hockly, 2023; Vinall et al., 2023; Zhu & Wang, 2025), concerns
about content accuracy, quality, and reliability (Lee, 2025; Dwivedi, 2023), and a stated need to integrate Al
literacy (Lee et al., 2025) into learning contexts.

Benefits for instructors include, but are not limited to, support (Ji et al., 2022), educational efficiency (Delello
et al., 2025), innovation in task design (Pérez-Nuiiez, 2024; Amin, 2023), and improved feedback efficiency and
consistency (Amin, 2023). However, there are fears about the role of the educator (student-teacher relationships)
in Al-enhanced learning environments (Delello et al., 2025), the long-term pedagogical impact of introducing
such tools (Crompton et al., 2024; Lee, 2025; Zhu & Wang, 2025), and a need for training (Kohnke et al, 2025).

Concerns about educational technology are nothing new, however. From resistance to the use of overhead
projectors (Allen, 1963) to microcomputers (Hannafin et al., 1993) to graphing calculators (Fisher, 1995),
educators have long feared the impact of technological advancements on teacher autonomy and professional
identity. Nonetheless, roles have shifted from the educator as the knowledge transmitter to the educator as the
facilitator and mediator. As early as the 1980s and 1990s, student-centered approaches were taking shape (Barr &
Tagg, 1995; Chickering & Gamson, 1989; King, 1993), with empirical studies in the early 2000s reinforcing the
value of student-centric teaching methodologies (Bosworth, 2013; Prince, 2004; Weimer, 2012).

In the era of the Al-infused (language) classroom, instructors are increasingly framed as interpreters of
technological affordance (Crompton et al., 2024). While Al can support classroom operations such as assessment
(Amin, 2023), writing (Alharbi, 2023; Ducar & Schocket, 2018; Nifio, 2009; Obaidoon & Wei, 2024), reading
comprehension (Yuan, 2025) and well-being (Rezai et. al, 2024; Yuan, 2025), learner engagement (Wu et al.,
2025) and self-regulated learning (Ng et al., 2024), in addition to speaking practice (Zou et al., 2025; Leis, 2025),
instructors retain critical judgment and remain central to the educational experience. Researchers consistently
report on the need for educators to be adaptable in the face of technological advancements (Allen, 1963; Ducar &
Schocket, 2018; Warschauer, 2000), in order to shape technological integration (Bax, 2003), scaffold experiential
learning (Ji et al., 2022), and align with the principles of critical pedagogy.

3. Frameworks: Social Constructivism & UDL

Social Constructivism (SC) is a theoretical framework that holds that knowledge is constructed through
social interactions in specific contexts. It frames cognitive development as a socially mediated process where
interaction with a more capable, knowledgeable peer facilitates movement through the zone of proximal
development (ZPD), the space where a knowledge gap is identified and is ripe for amelioration and favorable to
intervention, thereby helping the learner move from other-regulated (controlled by the task) to self-regulated.
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With scaffolded, strategic support, learners can bridge the gap between what they can achieve with guidance and
what they can accomplish independently.

Universal Design for learning (UDL) is an educational framework centered around “learner agency that is
purposeful & reflective, resourceful & authentic, strategic & action-oriented” (CAST, 2024). UDL guides learner
development through three main principles: Multiple Means of Representation, the “what” of learning, which
focuses on how information is processed and perceived consequently emphasizes offering learners different
avenues to acquiring information; Multiple Means of Engagement, the “why” of learning, which focuses on
motivation, interest, and persistence, and consequently emphasizes challenging learners and motivating them to
learn; and Multiple Means of Action & Expression, the “how” of learning, which focuses how learners
demonstrate what they know, and consequently emphasizes offering choice with respect to how learners
demonstrate acquired knowledge. Consult the CAST UDL Guidelines on the CAST website for a deep dive into
their supporting principles (https://udlguidelines.cast.org).

Both frameworks emphasize active, student-centered, collaborative learning, rather than receptivity. Social
constructivism holds that knowledge is created (constructed) through social engagement, and UDL encourages
collaboration in pairs, small groups, and as a class. Both frameworks emphasize the importance of scaffolding
learning activities. Social Constructivism emphasizes providing strategic support within learners’ ZPD as central
to facilitating eventual learner autonomy (whereby skill gaps are addressed through guided, scaffolded
interventions and feedback), whereas UDL emphasizes task sequencing, presenting information in a variety of
ways, and providing timely feedback. Both frameworks center on learner agency and encourage learners to take
ownership of their learning, recognizing that motivation to learn is linked to personal interests and goals, and that
progress is connected to ongoing, meaningful assessment, in which learners have the liberty to choose how to
demonstrate their acquired abilities. Naturally, a safe learning environment is a critical component for learning to
blossom, and both frameworks recognize the importance of creating the supportive and welcoming space needed
for social and emotional well-being and, subsequently, for learning to take root. Both frameworks embrace
technological integration as instruments for enhancing social interaction, personalization, collaboration, and
expression to personalize and enhance learning. Finally, both frameworks view the role of the educator not as a
lecturer or knowledge transmitter, but rather as an expert facilitator and mediator. How do these aforementioned
frameworks come to life in an Al-enhanced classroom?

4. Operationalizing SC and UDL in the AI-Enhanced L2 Classroom through Instructional Design

Operationalizing the theoretical and practical frameworks invites a robust, learner-centric experience, which
involves the following: identifying measurable learning objectives, designing assessments, and creating learning
activities that a) reflect the social context in which they will take place, b) account for learner variability, and c)
leverage the tools that facilitate the process. Let us explore this through the lens of interpersonal communication
(information exchange between two or more interlocutors) in the second language classroom on the topic of
planning a vacation.

Step 1: Identify the desired results

First, identify the desired results. If the goal is to build interpersonal communication skills, then providing
opportunities to a) negotiate meaning, b) adopt and adapt conversational strategies, and c) refine their ability to
engage with an interlocutor is essential. If the objective is for the learner to plan a vacation, the central question
concerns designing the context that facilitates this by considering what learners will be able to do and how they
can apply it to contexts beyond the classroom.

Step 1 Example: Plan a vacation in L2 Spanish.

Step 2: Evidence of Learning

Then, establish what constitutes evidence of learning. In the context of planning a vacation, an authentic
task, evidence might consist of the learner’s ability to formulate and respond to questions involved in planning,
and their ability to negotiate meaning with their interlocutor to reach mutual comprehension, manage trip
planning, and synthesize elements of the exchange that help them reach their communicative objective.

Step 2 Example

Evidence of Learning: I can discuss and plan a vacation with a more capable peer (Al-interlocutor, the course
professor, or an L2 speaker (friend, family, coworker, instructor).
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Step 3: Activities and Assessments

Subsequently, determine what learning activities and assessments (formative and summative) best facilitate
learning, measure progress, and measure achievement. Focus on application and construction of meaning that
require learners to apply their knowledge to new challenges and true-to-life scenarios, rather than merely recalling
facts.

Step 3 Example

Prior Knowledge: Students build vacation-focused lexical and grammatical knowledge through a series of
activities (interpretive communication (reading, listening) and presentational communication (writing, speaking)
that begin with comprehension checks, progress into short-answer responses, and advance into full production of
short sentences. They engage with audio and video content that models the topic to build both linguistic and
metalinguistic awareness, beginning with comprehension checks and progressing to the examination of how
interlocutors negotiate meaning to reach mutual understanding. They will apply the rubric for interpersonal
communication to the samples and identify conversational strategies used throughout the process. Infused into
creating this background knowledge is social constructivism through observation and direct participation, and the
UDL principles of Representation (strategic task scaffolding utilizing a variety of resources, examples of
successful vacation planning, metacognitive analysis of negotiation of meaning tactics, and discussing strategies
for successful communication) and Engagement (activating and building knowledge through meaningful
activities).

Step 4: Rubrics

Rubrics that articulate the success criteria are valuable here, as they clarify for all parties what success
(evidence of learning) entails and help anchor alignment between task design and assessment from the outset. In
the context of vacation planning in the L2, the GPT can be prompted to provide scaffolded feedback based on a
set of criteria, and the conversation log can serve as an informative and rich data set that reveals how the learner
is negotiating meaning, adopting and adapting conversational strategies, and refining their ability to engage in
interpersonal communication. This, in turn, invites opportunities for deeper, individualized, instructor-based
feedback that paves the way for success.

Step 4 Example Rubric

Interpersonal Communication Rubric:

e  Strong: Participates in and advances the exchange.
o Responses are appropriate (simple and compound sentences or phrases).
o Responses are a mix of practiced content and original productions
o Negotiates meaning through rephrasing for clarification or asking questions (practiced and
original)
o Maintains appropriate register (formal, informal) for the context
e Good: Participates fully in the exchange.
o Responses are appropriate (simple words and simple sentences).
o Responses reflect practiced content
o Negotiates meaning through word substitution for clarification or asking practiced questions
o Partially maintains appropriate register (formal, informal) for the context
e  Developing: Participates partially in the exchange.
o Some appropriate responses (simple words and formulaic/chunked phrases).
o Responses reflect memorization
o Attempts to negotiate meaning through word substitution for clarification or simple questions
(¢qué? ;como? ;repite(s)?
o Minimally maintains appropriate register (formal, informal) for the context
e  Emerging: Participates minimally in the exchange.
Some appropriate responses (simple words or lists of words).
Responses are either single-word responses or gestures
Attempts to negotiate meaning through English
Does not maintain appropriate register (formal, informal) for the context

O O O O

Step 5: Build your Scaffolds

Next, configure the experience. Activate prior knowledge to connect with what the learner brings to the table
through prior instruction and lived experience, to provide context for learning, and to increase motivation (UDL
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engagement). Chunk and scaffold information (UDL-representation) around social interaction and collaboration
(SC), leverage the technology that reinforces the process (SC, UDL), and guide learners (rather than lecture).

Step 5 Example

The Interpersonal Communication Experience:

Students build interpersonal communication (information exchange between two or more interlocutors)
skills by conversing with Al (Learner-Al), peers (Learner-Learner), and native/heritage/proficient speakers of the
language studied (Learner- L2Speaker), where they have graduated levels of support enabling them to practice
communicating in a way that reflects their interest in the topic (UDL-Action & Expression).

Learner-Al

First is a learning activity between the learner and the Al in which the learner can respond to the Al-
interlocutor’s feedback and incorporate it into subsequent attempts.

GTP Student Instructions: You are meeting with your travel agent to plan a trip. To begin, type (or say),
“Quiero planear un viaje” (I want to plan a trip). The Al-travel agent will ask you questions. Answer in Spanish
as best you can. Do not worry about mistakes because the agent will give you feedback and help you improve.
You can repeat this activity as many times as you would like. Each time, the questions may be slightly different,
providing additional practice with the topic and with incorporating feedback into the exchange. Click on the link
to get started: Agente de Viajes.

This activity can be followed up in various ways. The instructor can review the transcript to provide
individualized feedback; peers can review the transcripts and recommend ways to respond to the feedback; peers
can observe their peer when they engage with the Al-travel agent and coach the conversation from the sideline;
peers can examine how meaning was negotiated and identify what learning strategies were useful for advancing
the conversation; peers can review the exchanges against the grading criteria and brainstorm ways to make
improvements and/or identify or expand on their personal goals for the activity type. At this point, learners may
return to the GPT for additional practice, or they might dive into peer conversations.

Learner-Learner

Next is the opportunity to measure progress through peer-to-peer conversations. Role-plays in which learners
take turns as travel agents and travelers provide formative assessment opportunities with feedback from both the
instructor and peers. Learners practice with assigned partners until they’re ready to work with a randomly assigned
partner, seeking feedback along the way.

Learner-L2 Speaker

Communication culminates with a conversation (summative assessment) and a reflection. Learners select
the interlocutor with whom they believe they’ll have the best chance to demonstrate their ability to plan a vacation
in the L2 (UDL-Action & Expression). They may choose from among the Al-interlocutor, the course professor,
or an L2 speaker (friend, family, coworker, instructor). With or directly following their submission, they submit
a reflection (UDL-Engagement) on the learning process and assess themselves against the grading criteria.

Step 6: Reflection

Finally, encourage learners to engage in metacognitive reflection beyond what they completed during the
Al-Learner and Learner-Learner activities, through self-assessment (see Appendix C for ideas), as well as through
task reflection and refinement for future variations of the activity by educators. Educators can create their own
reflection forms or consider using preexisting tools such as Waterloo’s Reflection Framework and the DEAL
model, purchasing access to Penn State’s CCEDIR, or adopting education-based Al tools, such as MirrorTalk or
Perplexity.

5. Discussion: Theoretical, Pedagogical, and Institutional Implications
5.1 Theoretical Implications: Social Constructivism and UDL as Anchors for Al Integration

At the intersection of SC and UDL is the shared understanding that learning is socially mediated, scaffolded,
and supported through intentional design. Both frameworks advocate learner agency, focus not on how a task is
completed but on supporting the journey to realization, and encourage the intentional inclusion of tools that
account for variability while supporting meaningful engagement. When applied to Al-enhanced instructional
contexts, these frameworks position artificial intelligence not as an autonomous instructional agent but rather as
a mediating tool embedded within educator-designed learning experiences. Educators are central to education;
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learning is neither passive nor automated, and the human aspects of teaching are not easily replicated by artificial
intelligence. From a Social Constructivist perspective, learning occurs within the zone of proximal development
through interaction with more capable peers or experts, with scaffolding gradually withdrawn as learners move
toward self-regulation. UDL complements this process by emphasizing flexibility in representation, engagement,
and action and expression, ensuring that learners have multiple pathways to access content and demonstrate
understanding. Together, these frameworks provide a coherent theoretical foundation for integrating Al in ways
that support, rather than supplant, human mediation, thereby addressing persistent concerns about the erosion of
instructional authority in Al-enhanced classrooms. Recent publications emphasize that Al achieves its greatest
pedagogical value when implemented within instructor-mediated, scaffolded designs that center on intentional
instructional strategies (Ji et all, 2022), and where educators and learners demonstrate an adaptive mindset (Zhu
& Wang, 2025), ensuring that Al complements rather than replaces human facilitation.

5.2 Pedagogical Implications: The Educator’s Role in Al-Enhanced Instruction

Arguably, concerns about educators’ roles in the face of artificial intelligence have more to do with the shift
from knowledge transmitters to facilitators and mentors. Many educators enter higher education as subject-matter
experts (SMEs) who have not received formal training in the science of teaching. Often, promotion and tenure
focus on research and publication, and on institutional service, rather than on the ability to foster dynamic,
engaging andragogical environments. Assuming that the subject matter expert is inherently a skilled educator is
flawed and has implications for student success and retention. Framing Al within Social Constructivist and UDL
principles reframes concerns about the educator’s role in technology-infused classrooms. While artificial
intelligence excels at pattern recognition, scalability, and efficiency, it lacks the capacity for sociocultural
interpretation and professional judgement that educators bring to instructional contexts. Although Al-generated
feedback can approximate human feedback in some domains (Kaliisa, et al., 2025) learner engagement and self-
regulated learning are strengthened when Al use is embedded within intentional pedagogical design (Ng et. al.,
2024; Wu et al., 2025), underscoring the centrality of the educator and educator judgement. These human
dimensions of teaching are central to scaffolding learning, interpreting learner needs, and responding to the
affective elements that shape educational experiences. The instructional example presented in this paper highlights
the pedagogical labor involved in Al-enhanced instructional design. Behind seemingly simple learner-facing
activities lies an iterative process of development, testing, refinement, and alignment with learning objectives and
assessment criteria. This design work reflects the educator’s role as facilitator, mediator, and designer, roles that
are amplified rather than diminished by Al integration. For educators unfamiliar with Social Constructivist or
UDL frameworks, engaging in this design process may present challenges, underscoring the importance of
pedagogical preparation alongside technological fluency. This aligns with calls for Al literacy development
among educators (Kohnke et al., 2025) and longstanding CALL scholarship emphasizing pedagogy over tool
adoption (Bax, 2003; Hubbard, 2008).

5.3 Institutional Implications: Supporting Design-Based, Al-Enhanced Pedagogy

The design-intensive nature of today’s classrooms, especially those with Al-enhanced instruction, carries
important implications for institutions of higher learning. Effective integration of Al requires more than access to
tools; it demands sustained professional development and institutional support structures that enable educators to
design, implement, and refine pedagogically sound learning experiences. Professional development and
institutional support are critical to effective Al integration (Crompton et al., 2024; Zhu & Wang, 2025),
particularly given documented educator uncertainty surrounding adoption (Parviz & Arthur, 2025). Investment in
professional development should be recognized and rewarded in ways comparable to research and service,
acknowledging the expertise required to facilitate inclusive, learner-centered instruction and to integrate Al tools.
Consider differentiating between research and teaching lines: research lines focus on grant acquisition and
publication, whereas subject-matter experts with classroom assignments are required to actively engage in and
document teaching-focused CEUs (continuing education units) through reputable organizations such as the Online
Learning Consortium or Quality Matters. Support continuing education through funding and credit reassignment;
150 hours of documented continuing education through approved programs can earn a 3-credit release, with the
expectation that the education is completed within a time frame, or conversely, every specified period of time
SMEs would be granted a 3-credit release for focused training, with the expectation of x-hours of ongoing
continuing ed per semester or academic year; or even require professional development hours be scheduled in the
same manner that office hours are held.

In addition to educator-centric professional development, institutions must invest in support offices, such as
the Center for Teaching and Learning (CTL), Instructional Design, Instructional Technology, and Accessibility
Specialists. These offices play a critical role in supporting educators as they navigate pedagogical frameworks,
accessibility standards, and emerging technologies, consistent with research on UDL and accessible online
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learning that emphasizes collaboration among faculty, instructional designers, and accessibility specialists
(Behling & Tobin, 2018; Lowenthal & Lomellini, 2023). Institutional commitment to these support offices signals
recognition that effective Al integration is a pedagogical endeavor rooted in human expertise, collaboration, and
intentional design.

6. Conclusion

As artificial intelligence becomes increasingly embedded in (language) education, educators face a persistent
challenge: how to integrate these tools in ways that enhance learning without undermining learner agency or
diminishing the educator’s pedagogical role. From the SC perspective, educators are responsible for scaffolding
(the instructor creates the conceptual framework that Al plugs into), facilitating learning in the ZPD (Al can
provide practice, feedback, and adaptive learning), curating tools (such as Al), and fostering metacognition (Al
strengthens internalization). Through the lens of UDL, the educator’s role is to recruit interest, help learners
persist, and facilitate learner agency (Engagement); curate resources and create meaningful contexts for learning
(Representation); and encourage creative, student-driven demonstrations of achievement (Action & Expression).
Al offers numerous options that align with UDL principles. At the foundation of both frameworks, however, is
the educator. When the educator is at the helm as a facilitator, concerns about Al overreliance, diminished
pedagogical readiness, shallow learning, cognitive load, transparent and ethical use, and related issues are
rendered negligible in the classroom. The educator interprets and designs learning with human values, empathy,
and context. Al scales and adapts support, provides multimodal access, and reduces administrative burden, while
UDL ensures flexibility and inclusion in the shared learning space where human mediation and Al scaffolding
converge (ZPD). This paper contributes a theoretically grounded, design-oriented model that integrates Social
Constructivism and UDL as complementary frameworks for Al-enhanced instruction. By illustrating how these
frameworks can be operationalized in an L2 Spanish interpersonal communication task, the paper demonstrates
that Al can serve as a scaffolded resource in educator-mediated learning environments. Although the example
presented is situated within an L2-Spanish classroom, the framework integration and design principles advanced
here are transferable across disciplines and instructional contexts where educators seek to align emerging
technologies with inclusive, learner-centered pedagogy. Ultimately, Social Constructivism and UDL not only
anchor the educator’s role in Al-enhanced environments but also reveal it as more critical than ever. As Al
continues to evolve, pedagogical frameworks that foreground human mediation, intentional design, and learner
variability will be essential to ensuring that technological innovation serves educational purposes.
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Appendices

A. [Instructor Preparation — Custom GPT Generation

1. Register for a paid plan with ChatGPT.
a. Log into your account, click on your profile icon to upgrade your plan.
2. Fill in the basics: activity name; description, and category.
3. Enter your prompt and test it. Note what is working well and not yet working and refine it by
modifying and testing.
4. Migrate that version into a custom GPT by selecting GPTs Explore > +Create > Create / Configure. In

Create you will chat with the builder about what you want to create and in Configure you will input the
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prompt you’ve already generated to refine it further. This is where you’re building your scaffolded
instructions. The benefit to creating a custom GPT is that it keeps the prompt details behind the scenes.

5. The builder will offer the option to configure “starter lines” for learners, that will activate the behind-
the-scenes prompt when learners launch their activity.

6. Next, you’ll configure details such as restricting file uploads or web browsing (for controlled language
tasks), as well as the share/publish settings (private, anyone with the link, everyone), and get the link to
the custom GPT.

7. Finally, distribute the link to learners through the LMS.

8. Note that these instructions are general. The shape the steps take reflects the way you engage with
ChatGPT and how you iterate the process.

a. The steps for Instructor Preparation were generated collaboratively with ChatGPT.

B. Custom GPT Hidden Instructions

Role & Level: You are a friendly agente de viajes. Speak A1-A2, ACTFL-novice, level Spanish. Use short, clear
sentences.

Flow: Start with “Quieres planear un viaje con tu familia o con tus amigos?, and then ask 5 follow-up questions
about: destination, month/season, trip length, activities, budget/cost.

Feeback each turn: 1) one positive note, 2) one small improvement with a corrected model in Spanish. If the
learner produces a correct statement, you don’t need to submit a correction; submitting a small improvement to a
correct statement can confuse and frustrate learners. Rather, offer praise, and provide an equivalent so that they
have an additional way to express their idea.

Vary across attempts: When the learner restarts, rephrase questions and change details (e.g., playa vs lago; Julio
vs Agosto) while keeping the same difficulty and sequence.

If code-switching occurs: Rephrase the learner’s answer in correct Spanish and invite them to repeat it.

Tone: Encouraging, patient, supportive.

C. Learner Self-Assessment Option
How well can you do the following tasks? Use the scale provided.
1. I can discuss and plan vacations.
I can talk about my next vacation.
I can discuss travel destinations.
I can talk about the seasons.

I can talk about the weather.

2

3

4

5

6. I can talk about clothing options.
7. Ican ask and respond to questions about vacation activities.
8. Ican talk about the days of the week, the months of the year.
9. I can communicate clock-hours.

10. I can communicate the time of events.
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11. Ican ask and respond to questions for checking into a hotel.
12. I can ask and respond to questions for checking out of a hotel.
13. I can ask and respond to questions about restaurants and food.
14. 1 can discuss budgets and costs associated with the vacation.

15. I can discuss transportation options.

Scale:
e Excelente (Excellent): I know this well enough to teach it to someone.
e Muy bien (very well): I can do this with little or no mistakes.
e  Mais o menos (more or less): I can do this in general terms, but I still have some questions.
e Esdificil (It’s difficult): I can only do this with help.

e Ayudame (Help me!): I struggle with this, even with help.
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Abstract: This study develops a one-step-ahead hourly forecasting model for PM2.5 and
PM10 concentrations at an urban monitoring station in Bogota, Colombia (Fontibon). The
dataset, spanning from November 2023 to August 2025, comprises observations from a
22-month period retrieved from the Bogota Air Quality Monitoring Network (RMCAB).
Data pre-processing included physical range filtering and time-based interpolation to
ensure a continuous time series. To prevent data leakage and ensure methodological rigor,
the dataset was divided using a blocked chronological split into a training subset (10,501
observations) and a validation subset (2,500 observations), covering the period from April
to August 2025. A multi-output Long Short-Term Memory (LSTM) network with 64
recurrent units and a 168-hour (7-day) sliding window was implemented to capture
complex temporal dependencies. The model was optimized using Adam and Early
Stopping, with weights restored from the best-performing epoch to prevent overfitting.
Performance was evaluated in original physical units (pg/m?). For PM2.5, the model
achieved a Mean Absolute Error (MAE) of 2.94 ng/m?, an RMSE of 3.81 pg/m?, and a
coefficient of determination (R2) of 0.697. For PM10, the model attained an MAE of
11.87 pg/m3, an RMSE of 15.72 pg/m?, and an R2 of 0.702. Results indicate that the
multi-output LSTM architecture effectively captures the non-linear dynamics of both
pollutants simultaneously, explaining approximately 70% of the variance in the validation
period. These findings establish a solid, reproducible proof of concept for integrating deep
learning into urban early-warning systems, providing a scalable framework for air quality
management in high-altitude Andean cities.

Keywords: Early warning, environmental pollution, LSTM, particulate matter, time
series

Air pollution caused by fine particulate matter PM2.5 (diameter < 2.5 pm) and coarse particulate matter
PM10 (diameter < 10 pm) represents one of the most critical environmental risks to public health and urban
ecosystems. Exposure to these pollutants is strongly associated with respiratory diseases, cardiovascular
impairment, and increased rates of premature mortality (World Health Organization [WHO], 2021; U.S.
Environmental Protection Agency [EPA], 2023). In high-altitude Andean cities like Bogota, geographical and
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meteorological conditions often exacerbate pollutant concentration, making atmospheric monitoring a priority for
local authorities.

In Bogota, high-resolution data from the Bogota Air Quality Monitoring Network (RMCAB) indicate that
concentrations at critical stations, such as Fontibon, frequently exceed WHO-recommended safety thresholds.
This trend underscores the urgent need for advanced tools capable of anticipating critical pollution episodes to
activate early-warning frameworks (Area Metropolitana de Bogotd, 2025; Franceschi et al., 2018). The
availability of real-time hourly data from these stations provides a strategic opportunity to develop predictive
models that support environmental policy decisions and urban health management (Area Metropolitana de Bogota,
2025).

While traditional statistical methods, such as ARIMA and SARIMA, have been used for air quality
forecasting, they often struggle to capture the highly nonlinear relationships and complex temporal dynamics
inherent in urban atmospheres (Franceschi et al., 2018). Recurrent Neural Networks (RNNs) offer a more flexible
alternative for modeling sequential data; however, standard RNN architectures are prone to the vanishing and
exploding gradient problem, which limits their ability to learn long-term temporal dependencies (Bengio, Simard,
& Frasconi, 1994; Pascanu, Mikolov, & Bengio, 2013).

The Long Short-Term Memory (LSTM) architecture, introduced by Hochreiter and Schmidhuber (1997),
effectively overcomes these limitations through specialized memory cells and gating mechanisms—input, forget,
and output gates—that regulate information flow and preserve gradient stability over extended sequences (Gers
et al., 2002). Modern deep learning frameworks, such as TensorFlow and its high-level API Keras, have further
enabled the scalable implementation and reproducibility of these architectures in environmental science (Abadi et
al., 2016; Chollet, 2015).

This study proposes a robust methodology based on a multi-output LSTM network for the simultaneous one-
hour-ahead prediction of PM2.5 and PM10 at the Fontibon station in Bogota. By using a 168-hour (7-day) input
window and validating performance against multiple benchmarks (including Persistence, Linear Regression, and
Random Forest), this research aims to provide a high-fidelity proof of concept for local air quality management
and regulatory compliance (Casallas Garcia et al., 2021).

2. Literature Review

Forecasting atmospheric pollutant concentrations has evolved from classical statistical modeling toward
machine learning and deep learning approaches capable of representing nonlinear dynamics and complex temporal
dependencies. Traditional methods such as autoregressive integrated moving average (ARIMA) and exponential
smoothing provide interpretability and remain widely used as baseline benchmarks. However, their capacity to
model non-stationary behavior, nonlinear interactions, and long-range dependencies is limited, particularly in
hourly pollutant series influenced by meteorological variability and episodic events (Franceschi et al., 2018;
Bengio et al., 1994).

In response to these limitations, neural network architectures have been increasingly adopted for air quality
forecasting. Recurrent neural networks (RNNs) and their variants allow modeling of sequential dependencies
without requiring explicit assumptions of linearity or stationarity. These models have demonstrated improved
predictive performance compared to purely statistical baselines in several environmental applications (Franceschi
et al., 2018; Graves et al., 20006).

Recent studies have further expanded toward hybrid architectures that combine convolutional, recurrent, and
attention mechanisms. For example, Zhang et al. (2023) integrated ARIMA with CNN-LSTM models to jointly
capture linear and nonlinear components of pollutant time series. Liang et al. (2025) proposed a CNN-LSTM—
multi-head attention—-GRU architecture that reduced forecasting errors in hourly AQI prediction by enhancing
long-range dependency modeling. Similarly, Lv et al. (2024) introduced a hybrid framework that combines
ARIMA, CNN, and LSTM with a metaheuristic optimization approach to improve robustness across datasets.
These contributions reflect a broader trend toward multi-component architectures aimed at maximizing predictive
accuracy. A summary of these and other representative studies, including their modeling approach and
performance metrics, is presented in Table 1.

Table 1. Summary of recent studies on particulate matter and air quality forecasting.

Context / . . Key Metrics (MAE /
Study Location Horizon Inputs Model Architecture RMSE)
Zhang et al. Urban Air Hybrid ARIMA + |Improved MAE by 12%
(2023) Quality th PM2.5, PMI0 CNN-LSTM vs ARIMA
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Liang et al. City-scale CNN-LSTM-MHA-
1h AQI + Met 1 RMSE: 8.42 (A
(2025) AQI QI+ Meteorology GRU SE: 8.42 (Ave)
. . ARIMA-CNN-LSTM
Lv et al. (2024) [Multi-station| 1h Lagged Pollutants + DBO Opt. MAE: 3.15-5.20
Franceschi et al. Urban lh to
PM2.5, Met. R LSTM| High i i k
(2018) Stations ~ah 5, Met. data  |Standard RNN /LS igh variance in peaks
Sre?;(;;z;ul“ Urban AQI | 1h | PM2.5, PM10,NO2 | CNN-LSTM-MHA R2: 0.88 — 0.92
. Bogota .
This Study L 1h | PM2.5,PM10 (168h) | Multi-Output LSTM | MAE: 2.94/11.87
(Fontibon)

Source: Own elaboration

Nevertheless, hybrid systems typically involve increased architectural complexity, extensive hyperparameter
tuning, and larger datasets to ensure stable training. Moreover, reported improvements often rely on heterogeneous
validation protocols, limiting reproducibility and comparability. Although hybrid architectures demonstrate strong
performance, systematic evaluation of simpler and reproducible LSTM configurations against classical baselines
under controlled temporal validation remains limited. This gap motivates the present study.

2.1. Theoretical foundations

Recurrent Neural Networks (RNNs) are designed to process sequential data by incorporating feedback
connections that allow information to persist across time steps. This structure enables the modeling of temporal
dependencies, making RNNs suitable for time-series forecasting tasks such as predicting pollutant concentrations
(Graves et al., 2006; Hochreiter & Schmidhuber, 1997). The general recurrent structure is illustrated in Figure 1.

Recurrent neural network

(o | | O | (o ( Om1 )
R . - — = e
w w w w
g — —
vl Favd L Evad D Erd LR
_ w v Y v )
h
u U U U
X Xtq Xt Xteq

O: Network output, the final result after processing the data sequence.

h: Hidden state that stores information from previous steps to capture temporal dependencies.

V: Weight matrix that transforms the hidden state into the output, determining how processed information becomes the result.
X: Input at each time step, which can be sequential data.

W: Weight matrix connecting the previous hidden state to the current hidden state.

U: Weight matrix connecting the current input to the hidden state.

In summary, V maps the hidden state to the network's final output, acting as a bridge between memory and the presented values.
Figure 1. Architecture of a recurrent neural network. Source: Own elaboration.

RNNs are typically trained using backpropagation through time (BPTT). However, standard RNN
architectures suffer from vanishing and exploding gradient problems, in which error signals attenuate or amplify
excessively as they propagate through long sequences (Bengio et al., 1994; Pascanu et al., 2013). This limitation
restricts their ability to learn long-term temporal dependencies, such as multi-day or seasonal patterns, that are
frequently observed in air quality time series.
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Long short-term memory (LSTM) networks were introduced by Hochreiter and Schmidhuber (1997) to
mitigate this limitation. LSTMs incorporate a memory cell regulated by input, forget, and output gates, which
control the flow of information across time steps. This gated structure stabilizes gradient propagation and enables
the selective retention of relevant historical information (Gers et al., 2002). The internal configuration of an LSTM
unit is presented in Figure 2.

[Ce1l X + ()
X a
o O tanh o'—‘
[Tie1) Tl
Forget Input Output
Gate Gate Gate

Xl

Figure 2. Structure of an LSTM unit with input, forget, and output gates. Source: Own elaboration

Because PM..s and PMio concentrations exhibit nonlinear, multiscale temporal dynamics influenced by
traffic cycles, meteorological variability, and episodic pollution events, LSTM networks have become widely
adopted in air quality forecasting research. Their capacity to model long-range dependencies makes them
particularly suitable for hourly pollutant prediction.

Beyond architectural considerations, recent literature emphasizes the importance of rigorous temporal
validation protocols. Blocked splits and rolling-origin (walk-forward) validation are recommended to prevent
information leakage and to ensure realistic generalization performance in time-series forecasting. Inconsistent or
poorly documented temporal partitioning strategies reduce comparability across studies and weaken empirical
claims. Standardized validation procedures are therefore essential for reliable performance assessment.

2.2 Hybrid Architectures for Sequential Forecasting

Hybrid deep learning architectures integrate complementary modeling strategies to enhance representation
capacity. CNN-LSTM models employ convolutional layers to extract short-term patterns and periodic structures,
then pass the resulting features to recurrent layers for sequential modeling (Zhang et al., 2023). Attention-based
extensions dynamically weight time steps, thereby improving the representation of long-range dependencies in
complex urban environments (Liang et al., 2025). Hybrid statistical-deep learning ensembles incorporating
ARIMA components further aim to capture both linear and nonlinear dynamics (Lv et al., 2024).

Although these architectures frequently report reductions in RMSE and MAE relative to standalone models,
their increased complexity can hinder reproducibility and interpretability. Consequently, establishing transparent
and reproducible neural baselines remains methodologically important.

In contrast to multi-component hybrid systems, the present study evaluates a well-defined single-layer
LSTM architecture under controlled experimental conditions. This approach prioritizes methodological
transparency, reproducibility, and direct comparability with classical statistical and machine learning baselines.

2.3 PM2.5 and PM10 Pollutants

Particulate matter (PM) consists of solid particles and liquid droplets suspended in the atmosphere, classified
by aerodynamic diameter into PMa.s (< 2.5 pm) and PMio (< 10 pm) fractions (Funcion Publica de Colombia,
2015). These particles originate from combustion processes, industrial activity, vehicular emissions, and biomass
burning, as well as secondary atmospheric chemical reactions (EPA, 2023; Area Metropolitana de Bogota, 2025).
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Due to their small size, PMa.s particles can remain suspended for extended periods and travel long distances,
while PM.o particles typically settle more rapidly (McKinney, 2010). Chronic exposure to PMa.s is associated with
cardiovascular and respiratory diseases and increased mortality (WHO, 2021; EPA, 2023; Ministerio de Ambiente
y Desarrollo Sostenible, 2017, 2025; IDEAM, 2021).

From a forecasting perspective, PM concentrations exhibit nonlinear dynamics, strong diurnal cycles,
meteorological dependence, and abrupt episodic peaks. This multiscale temporal behavior poses significant
modeling challenges and justifies exploring recurrent neural architectures capable of capturing long-range
dependencies.

2.4 Regulation and Legislation

The management of air quality in Bogota is governed by a robust legal framework that aligns local
environmental policies with international health standards. Given the documented impact of PM2.5 and PM10 on
public health (WHO, 2021; EPA, 2023), regulatory agencies have established concentration thresholds to trigger
preventive and corrective actions. In Colombia, the primary regulatory instrument is Resolution 2254 of 2017,
which defines the maximum permissible levels for criteria pollutants and establishes the "Air Quality Index"
(ICA) to communicate risks to the population (Ministerio de Ambiente y Desarrollo Sostenible, 2017).

From a regulatory and forecasting perspective, these thresholds are not merely static limits but operational
triggers for the Bogotd Air Quality Monitoring Network (RMCAB). When concentrations approach the limits
defined in Decree 1076 of 2015, local authorities are mandated to implement contingency protocols, such as traffic
restrictions or industrial emission caps (Funcion Publica de Colombia, 2015; IDEAM, 2021).

Predictive modeling is essential in this context, as it enables a "proactive" rather than "reactive" application
of the law. By anticipating exceedances of the thresholds shown in Table 2, decision-makers can activate the
Prevention, Alert, or Emergency categories defined in the national schedule toward 2030 (Ministerio de Ambiente
y Desarrollo Sostenible, 2025).

Table 2. Regulatory and reference thresholds for PM,.s and PMjo

Standard/Regulation PM..s (ug/m?) PMio (ng/m?) Type of Notes / Applicability
Limit
WHO Guidelines 5 (annual), 15 15 (annual), 45 Reference  Global health-based recommendations.
(2021) (24h) (24h)

U.S. EPA (2023) 12 (annual), 35 50 (24h) Regulatory U.S. National Ambient Air Quality

(24h) Standards (NAAQS).
Resolution 2254/2017 37 (24h), 22 75 (24h); 45  Regulatory Defines Prevention, Alert, and
(Colombia) (24h) projected  (24h) projected Emergency categories. Establishes a

Decree 1076/2015
(Colombia)

by 2030

— (no numeric
values)

by 2030

— (no numeric
values)

Regulatory
framework

progressive reduction schedule toward
2030.

Establishes contingency protocols and

environmental management measures

when Resolution 2254/2017 thresholds

are exceeded.

Source: Own elaboration.

2.5 Research Gap

Although substantial progress has been achieved with hybrid and attention-based architectures, there is
limited evidence regarding the performance trade-offs between simple, reproducible LSTM architectures and
classical statistical baselines under standardized temporal validation protocols for station-specific hourly
forecasting. Furthermore, inconsistencies in dataset reporting, validation splits, and baseline definitions hinder
reproducibility across studies.

This study addresses these gaps by implementing a transparent experimental framework with explicit
temporal partitioning and direct comparison against established baselines, thereby strengthening methodological
rigor in urban air quality forecasting.

3. Materials and methods
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This section describes the methodological framework implemented for the short-term forecasting of hourly
PM..s and PM.o concentrations in Bogota. The objective is to develop a reproducible, operational deep learning
model to support preventive air quality management strategies.

Hourly pollutant concentration data were obtained from the Bogotd Air Quality Monitoring Network
(RMCAB), administered by the Area Metropolitana de Bogota (2025). Temporal sequences of 168 consecutive
hours (7 days) were constructed as model inputs to predict pollutant concentrations 1 hour ahead (t + 1). The
predictive architecture is based on Long Short-Term Memory (LSTM) networks, originally introduced by
Hochreiter and Schmidhuber (1997), which are designed to capture long-term temporal dependencies while
mitigating the vanishing gradient problem. The complete methodological workflow, from data acquisition to
model deployment, is summarized in Figure 3.

Data Source (RMCAB)
Bogota Air Quality Network
Public APl Access

Pre-processing
+ Time-based Interpolation
* Physical Range Filtering
+ Z-Score Normalization

l

Input Window
T = 168 hours (7 days)

Features: [PM2.5, PM10]

i

LSTM Layer
64 Units | Dropout: 0.2
Activation: Tanh
Recurrent Act: Hard Sigmoid

Optimization & Training

+» Optimizer: Adam (Ir=0.001)
-------- + Loss: Multi-output MSE

« Early Stopping (Patience=8)

+ Batch Size: 32
Output 1 QOutput 2
PM2.5 Forecast PM10 Forecast
{t +1h) {t +1h)

Figure 3. Workflow for the 1mplementat10n of the LSTM-based PM:.s and PMio prediction model. Source:
Own Elaboration

3.1. Preliminary Tests

Before defining the final architecture, several preliminary experiments were conducted to evaluate
alternative recurrent configurations.

Initially, basic recurrent neural networks (RNNs) were trained using hourly PM..s and PMio sequences.
However, performance improvements were limited by the vanishing gradient problem, which constrains deep
recurrent structures' ability to learn long-term dependencies (Bengio et al., 1994; Pascanu et al., 2013).

Subsequently, a simple LSTM model without validation monitoring or Early Stopping was tested. Although
LSTMs mitigate vanishing gradients through gating mechanisms (Hochreiter & Schmidhuber, 1997), this
configuration exhibited overfitting, memorizing training sequences rather than generalizing to unseen data.

Additional experiments explored deeper and wider architectures by increasing the number of LSTM units
and incorporating additional dense layers. These configurations were highly sensitive to hyperparameter tuning:
larger models required longer training times without consistent improvements in validation performance, while
smaller models underfitted temporal patterns.

Based on these results, a single-layer LSTM architecture with 64 hidden units, combined with Early Stopping
and chronological validation splitting, was selected to balance predictive performance, computational efficiency,
and stability.
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3.2. Data Acquisition and Preparation

The dataset was retrieved from the official Bogota Air Quality Monitoring System (RMCAB) [8], which
provides hourly measurements of PM2.s and PMio concentrations. After extraction through the public API:
e Timestamps were converted to datetime format.
e  Pollutant concentrations were cast to numerical values.
e  Missing observations were removed.
e  Physically implausible extreme values were filtered.
The resulting dataset consisted of a continuous, hourly, bivariate time series covering one full year of
measurements, ensuring sufficient representation of seasonal variability.

3.3. Data Loading and Train/Validation Split

The dataset, comprising one year of hourly records, was retrieved through the RMCAB public API and pre-
processed for analysis. To ensure methodological rigor and prevent information leakage (data leakage), where the
model might inadvertently learn from future observations, a blocked chronological split was implemented.

Unlike random shuffling, which is unsuitable for time-series forecasting, this study divided the data
sequentially: the first 80% of the records were assigned to the training subset, while the final 20% were reserved
for the validation subset. This approach ensures that the model is evaluated on its ability to predict unseen future
states based strictly on historical patterns, a fundamental requirement in environmental time-series forecasting
(Area Metropolitana de Bogotd, 2025; WHO, 2021).

As illustrated in Figure 4, the training and validation windows are strictly separated in time, maintaining the
temporal causality of the sequences. This design provides a realistic assessment of how the model would perform
in an operational early-warning context.

Chronological Train-Validation Split (Blocked Time-Series Design)

= Training Set (80%)
Validation Set (20%)

2023-11 2024-01 2024-03 2024-05 2024-07 2024-09 2024-11 2025-01 2025-03 2025-05 2025-07 2025-09
Time

Figure 4. Chronological Train—Validation Split Design. Source: Own elaboration.

3.4. Standardization Based on Training Set Statistics

To stabilize gradient behavior and accelerate convergence of the Adam optimizer (Abadi et al., 2016),
standardization was applied using only training-set statistics (van der Walt, Colbert, & Varoquaux, 2011).
For each pollutant:

X —
Xnorm = M €Y)

Otrain

The same mean (p) and standard deviation (o) values computed from the training subset were applied to the
validation subset to avoid data leakage.

After inference, predictions were inverse-transformed to their original physical units (pg/m?) to allow
regulatory interpretation.

3.5. Generating Sliding Windows (SEQUENCE — X, y)

The time series was transformed into overlapping sliding windows of 168 consecutive hourly observations
(seven days). Each window was used to predict pollutant concentrations at the subsequent hour.
Formally:
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X = {Xt—168 y e 'Xt—l}: Y, =X, (2)

This process generated three-dimensional tensors of shape (n_samples,168,2) where each sample contains
168 hourly observations of both pollutants. This representation enables the LSTM network to capture short- and
medium-term dependencies (Hochreiter & Schmidhuber, 1997).

3.6. Definition of the Multi-Output LSTM Model

The predictive architecture was implemented using the TensorFlow/Keras functional API (Abadi et al.,
2016; Chollet, 2015). This study adopts a shared-encoder multi-output configuration, designed to extract common
temporal features from both pollutants while maintaining independent prediction capability for each.

3.6.1. LSTM Internal Dynamics

The core of the model is a Long Short-Term Memory (LSTM) layer. Unlike standard RNNs, the LSTM
maintains a cell state (ct) and uses three gates—input (it), forget (ft), and output (ot}—to regulate the flow of
information over the 168-hour input sequence. The dynamics of each LSTM unit at time t are governed by the
following equations:

fe=0Wg*[he—1L,x ]+ b)) (3)
ip=0W;*[h —Lx]+b) (4
e =0W;*x[he—1x]+b) (5
¢, = tanh(W, * [h, — 1,x.] + b.) (6)

Ce =fi*Crq +ip*Cy 7
o =W, *[he—y — Lx] +b,) (8)
h; = o, * tanh(c;) 9

where ¢ denotes the sigmoid activation function, W and b represent the trainable weight matrices and biases,
and ht is the hidden state (Hochreiter & Schmidhuber, 1997; Gers et al., 2002).

3.6.2. Network Architecture and Hyperparameters

The model follows a structured pipeline as described below:
e Input Layer: Receives a 3D tensor of shape (N,168,2), representing N samples of 168-hour sequences
for both PM2.5 and PM10
e Recurrent Layer: A single LSTM layer with 64 hidden units, using tanh as the primary activation and
hard_sigmoid for the recurrent step.
e Regularization: A Dropout layer (rate = 0.2) follows the LSTM to mitigate overfitting and improve the
generalization of the shared representations.
e Multi-Output Heads: Two parallel Dense layers with linear activation function as independent regressors
for PM2.5 and PM10 (see Figure 5).
e  Optimization: The model was trained using the Adam optimizer with a learning rate of 0.001. The loss
function was defined as the Mean Squared Error (MSE), with equal weight (1.0) for both outputs.
o Convergence: Early Stopping was utilized to monitor the validation loss, with a patience of 8 epochs,
restoring the weights of the best performing iteration to ensure reproducibility.
This configuration enables the model to effectively map the cross-correlations between PM2.5 and PM10
while optimizing for the specific variance of each pollutant in original physical units (pg/m?).
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Input Layer Training Parameters \
3D Tensor Shape: (M, 168, 2) :
Lagged Features (7 days) * Opfimizer: Adam (Ir=0.001)
v, * Loss: Multi-output MSE
+ Batch Size: 32
+ Early Stopping (Patience: 8)
* Weight Restoration: Enabled
LSTM Layer
64 Hidden Units
Activation: Tanh
Recurrent: Hard Sigmoid
1 Shared Spaiial-
Temporal Features
Regularization
Dropout Layer (Rate: 0.2)
Fa Y i ™,
| Dense Output Head | | Dense Output Head
Target: PM2.5 Target: PM10
Activation: Linear Activation: Linear
Loss Weight: 1.0 Loss Weight: 1.0

‘Figure 5. Architectﬂre of the propoéed multi-output LSTM model. Source: Own elaboration

3.7. Training with EarlyStopping

Training was configured as follows:
e  Maximum epochs: 50
e Batch size: 16
e  Optimizer: Adam (learning rate = 0.001)

An EarlyStopping callback monitored validation loss and terminated training if no improvement was
observed for five consecutive epochs (patience = 5), restoring the best-performing weights. This strategy reduces
overfitting and improves generalization in environmental datasets characterized by seasonal and episodic
variability (Chollet, 2015).

3.8. Inspecting LSTM Layer Weights

To verify correct architectural implementation, internal LSTM parameters were inspected. The model
includes:

e Kernel matrices (input-to-gate connections)

e  Recurrent kernel matrices (hidden-state-to-gate connections)

e Bias vectors

These parameters correspond to the input, forget, cell, and output gates described by Gers, Schraudolph, and
Schmidhuber (2002). Dimensional verification confirmed the correct implementation of the gated recurrent
structure.

3.9. One-Hour-Ahead Forecasting

The final trained model was evaluated in a one-hour-ahead forecasting scenario.

The most recent 168-hour validation sequence was used to predict pollutant concentrations at time t + 1.
Predicted values were inverse-transformed to pg/m? and compared against observed concentrations and regulatory
thresholds.

These results demonstrate the feasibility of deploying the proposed model as a short-term early warning
support tool for urban air quality management (Area Metropolitana de Bogota, 2025; Alcaldia Mayor de Bogot4,
2017).
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3.10. Model Hyperparameters and Reproducibility

To ensure methodological transparency and reproducibility, all hyperparameters and implementation details
are explicitly documented in Table 3.

Table 3. Summary of Model Hyperparameters and Training Configuration

Component Configuration
Architecture Single LSTM layer
LSTM Units 64
Activation (cell state) tanh
Recurrent gates sigmoid
Output layers 2 Dense (linear activation)
Optimizer Adam
Learning rate 0.001
Loss function MSE
Evaluation metric MAE
Batch size 16
Maximum epochs 50
EarlyStopping patience 5
Window size 168 hours
Forecast horizon 1 hour ahead
Random seed 42

Source: Own elaboration.

The LSTM configuration follows the standard gated recurrent formulation proposed by Hochreiter and
Schmidhuber (1997). Optimization was performed using Adam (Abadi et al., 2016), and reproducibility was
ensured by fixing the random seed to 42 for NumPy, TensorFlow, and Python’s random module.

All preprocessing steps were conducted exclusively using training-set statistics to prevent information leakage.
Predicted values were inverse-transformed to their original units (ng/m?®) for regulatory interpretation.

By explicitly documenting architecture, optimization strategy, preprocessing pipeline, validation protocol, and
deterministic settings, this study ensures full experimental replicability and methodological transparency.

4. Results
4.1. Model Training, Convergence, and Configuration

The final multi-output LSTM architecture consisted of a single recurrent layer with 64 hidden units followed
by two independent dense output layers, one for PM2.s and one for PMuo, totaling 17,282 trainable parameters.
The model was trained for one-step-ahead hourly forecasting with a 168-hour input window, enabling the network
to capture long-term temporal dependencies associated with weekly pollution cycles, meteorological persistence,
and delayed emission effects.

Training was conducted using a blocked time-series split to avoid information leakage between training and
validation subsets, in accordance with best practices for sequential environmental data. The EarlyStopping
callback monitored validation loss and restored the best model weights once convergence was achieved, ensuring
stability while preventing overfitting.

Figure 6 illustrates the evolution of training and validation loss across epochs. A pronounced decrease in
loss was observed during the initial training phase, followed by gradual stabilization as the model converged.
Notably, validation loss closely tracked training loss without systematic divergence, suggesting adequate
generalization and absence of severe overfitting despite the longer temporal window. This behavior is consistent
with the theoretical advantages of gated recurrent architectures for learning long-term dependencies while
mitigating vanishing-gradient issues (Hochreiter & Schmidhuber, 1997; Chollet, 2015).

Minor oscillations in validation loss are expected in air quality time series due to episodic pollution events,
meteorological variability, and non-stationary emission patterns (Franceschi et al., 2018; Casallas Garcia et al.,
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2021). The convergence profile indicates that the selected architecture and 168-hour window provide sufficient
temporal context without introducing excessive model complexity relative to the dataset size.

Training vs Validation Loss (LSTM)
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Figure 6. Training and validation loss curves during model convergence (one-step-ahead forecasting).
Source: Own elaboration.

4.2. One-Step-Ahead Forecast Performance (Validation Set)

Model performance was evaluated on the validation subset using standard regression metrics computed in
physical units (ng/m?®) after inverse scaling. The evaluation protocol followed a blocked validation scheme to
ensure that the one-hour-ahead forecasting objective was assessed on entirely unseen future data.

For the 168-hour input window, the multi-output LSTM achieved the following performance metrics:

e PM2.5: MAE =2.943 pg/m*; RMSE = 3.812 ug/m? R2 = 0.697
e PMI10: MAE = 11.873 pg/m?; RMSE = 15.715 pg/m?* R2 = 0.702

These results indicate a strong short-term predictive capability, explaining approximately 70% of the
variance for both pollutants. The extended 168-hour contextual window allows the architecture to encode weekly
temporal patterns and delayed pollution dynamics, which are critical in urban environments governed by cyclical
traffic and meteorological regimes.

The lower prediction error for PM2.5 may be attributed to its smoother temporal dynamics and stronger
short-term autocorrelation structure. In contrast, PM${10}$ concentrations are influenced by heterogeneous and
episodic sources such as resuspended dust, construction activity, and localized emissions, which increase hourly
variability and reduce predictability (WHO, 2021; EPA, 2023).

To assess predictive alignment, Figure 7 displays the scatter plots of predicted versus observed
concentrations for the validation set. The PM2.5 scatter plot shows wider dispersion, reflecting the reduced
predictability at the hourly scale, a phenomenon widely reported in urban air quality studies due to the stochastic
nature of coarse particles (Franceschi et al., 2018). Despite this dispersion, the high R2 values confirm that the
model maintains a strong correlation with ground-truth observations across the entire validation period.
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Figure 7. Predicted vs. observed concentrations (scatter plots). Source: Own elaboration

4.3 Error Distribution and Residual Analysis

The distribution of prediction errors was rigorously examined using error histograms and temporal residual
plots (ypred — ytrue) for both pollutants. This analysis is critical for verifying the model's reliability and identifying
potential systematic biases.

As shown in Figure 8, the error histograms for PM2.5 exhibit a near-zero, centered distribution with
moderate spread (MAE = 2.94 pg/m?®), indicating low systematic bias and stable short-term forecasting
performance. In contrast, the PM10 error distribution exhibits greater variance and heavier tails. This suggests
greater sensitivity to sudden spikes in concentration and exogenous disturbances, which is characteristic of the
behavior of coarser particulate matter in urban corridors.

The residual plots over time reveal that most prediction errors remain within a narrow range under stable
atmospheric conditions. However, larger residuals—indicating higher uncertainty—tend to occur during abrupt
pollution episodes and rapid concentration transitions. This behavior is expected in environmental time series
characterized by non-linearity, episodic emission events, and complex meteorological perturbations (Franceschi
etal., 2018; Casallas Garcia et al., 2021).

Importantly, the residual sequence does not exhibit a clear temporal autocorrelation pattern, suggesting that
the 168-hour (7-day) input window successfully captures a substantial portion of the temporal dependency
structure in the Bogotd Air Quality Monitoring Network (RMCAB) data. Nonetheless, the occasional
underestimation of peak PM10 events points toward a limitation in modeling extreme short-term variability when
only historical pollutant concentrations are utilized as predictors. This finding reinforces the need to integrate
meteorological covariates in future work to further stabilize the error variance.

Distribucion de Residuales PM2.5

350 4

300 4

250 4

200 4

Frecuencia

100

150 4 i

0 uLLMHI WWWMM“WLM I, ,

—40 —-20 0 20 40
Error (ug/m®)




Gonzalez-Torres et al. | Multi-Output LSTM-Based One-Step-Ahead Hourly Forecasting of PMa.s and PMio 24

Distribucién de Residuales PM10

300 4

250 4

150 A

Frecuencia

|
200 -

100 i
i |

-150 -100 -50 0 50 100 150
Error (ug/m?)

Figure 8. Error distribution histograms for PM2.5 and PM10 on the validation set. Source:
Own elaboration

4.4. Baseline Considerations and Model Justification

To evaluate the robustness of the proposed multi-output LSTM, its performance was benchmarked against
three standard forecasting approaches: (1) a Persistence model (naive baseline), (2) a Linear Regression model
with 24-hour lagged features, and (3) a Random Forest Regressor.

The persistence approach assumes that the concentration at t+1 equals the observation at t. While competitive
in one-hour-ahead forecasting due to high temporal autocorrelation, it inherently fails to capture non-linear
transitions and atmospheric regime shifts. Traditional RNNs were also considered but dismissed due to vanishing
gradient constraints that limit their effectiveness for the 168-hour temporal window used here (Bengio et al., 1994,
Pascanu et al., 2013). In contrast, the LSTM’s gating mechanisms allow selective retention of information over
extended horizons (Hochreiter & Schmidhuber, 1997; Gers et al., 2002). As summarized in Table 4, the LSTM
model consistently outperformed all benchmarks across both pollutants.

Table 4. Performance comparison between the proposed LSTM and baseline models on the validation set.

Pollutant Model MAE (pg/m?) RMSE (pg/m?) R?
PM2.5 LSTM (Proposed) 2.94 3.81 0.697
Linear Regression 2.98 3.87 0.686
Random Forest 3.08 3.98 0.669
Persistence 3.10 4.18 0.636
PM10 LSTM (Proposed) 11.87 15.72 0.702
Linear Regression 11.90 15.69 0.700
Random Forest 12.08 15.98 0.689
Persistence 12.21 16.49 0.672

Source: Own elaboration.

The results indicate that the LSTM architecture achieved the highest explained variance (R2~0.70),
successfully mapping complex dependencies that classical lagged models struggle to represent. While Linear
Regression showed competitive RMSE for PM10, the LSTM provided superior predictive coherence and lower
Mean Absolute Error (MAE) for both particles.

Consistent with previous research (Casallas Garcia et al., 2021), this performance gap confirms that the 168-
hour input window, combined with the LSTM's memory cells, enhances temporal context encoding. This enables
the model to learn weekly cycles and delayed accumulation patterns—capabilities that simpler models like
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Persistence or Random Forest lack in high-granularity urban datasets. This validation strengthens the case for
using deep learning architectures in developing Bogota's early-warning systems.

4.5. Implications for Air Quality Management

From regulatory and urban management perspectives, accurate one-hour-ahead forecasting is a relevant step
toward data-driven early warning systems in metropolitan areas (Alcaldia Mayor de Bogota, 2017; MinAmbiente,
2017). The results demonstrate the technical feasibility of applying recurrent neural networks with extended
temporal windows for short-term PMa.s and PM.o prediction in Bogota’s urban context.

However, the present implementation should be interpreted as a proof of concept rather than an operational
forecasting system. The current model relies exclusively on historical pollutant concentrations and does not
account for key exogenous drivers, including meteorological variables, traffic intensity, boundary-layer dynamics,
or regional pollutant transport. Additionally, validation was performed using a single blocked temporal split and
a single forecasting horizon.

Operational deployment would require multi-station datasets, walk-forward validation across multiple
temporal blocks, and multi-horizon forecasting evaluation (e.g., 6 h, 12 h, and 24 h ahead). Hybrid architectures
incorporating atmospheric and meteorological covariates could further improve robustness, peak prediction, and
real-world applicability (Casallas Garcia et al., 2021). Accordingly, conclusions regarding the applicability of
early warning and regulatory decision support should be considered conditional on these methodological
extensions and broader validation frameworks.

5. Limitations

Although the results demonstrate the potential of LSTM networks for air quality forecasting in Bogota,
several limitations restrict the generalizability and operational use of this proof of concept. First, the input space
was limited to pollutant concentrations alone. The exclusion of meteorological variables such as temperature,
relative humidity, wind speed, and atmospheric pressure reduces the model’s ability to account for external drivers
of particulate matter dynamics. These variables are known to strongly influence dispersion, accumulation, and
chemical transformation processes, and their absence partially explains the weaker performance observed for
PMo.

Second, the dataset size constrained the training process. Although the Bogota Air Quality Monitoring
Network provides continuous hourly measurements, the relatively short historical window available for this study
limited the diversity of pollution scenarios included in the training and validation sets. This scarcity increases the
risk of overfitting and reduces the model's robustness across seasons and atypical conditions.

Third, the model's capacity to generalize to real-world scenarios remains limited. Situations such as wildfire
smoke intrusions, holiday traffic peaks, or industrial events often cause abrupt changes in pollutant concentrations
that the current model struggles to capture. Without extensive testing on such extreme events, the predictive
accuracy demonstrated here should not be interpreted as readiness for operational deployment.

In summary, the model should be regarded as a preliminary step that demonstrates feasibility rather than a
reliable tool for decision support. Future work must address these limitations by incorporating meteorological
covariates, expanding the dataset through longer monitoring periods, and validating the approach under diverse
real-world conditions.

6. Future development

Building on the limitations identified in this proof-of-concept, the next stage of this research involves fully
implementing the intelligent air quality monitoring and advisory system illustrated in Figure 9. This proposed
framework aims to evolve the current LSTM-based architecture into a comprehensive Decision Support System
(DSS) that integrates high-performance data architectures, interactive interfaces, and advanced Artificial
Intelligence components.

First, the system will transition from a standalone model to a robust database infrastructure capable of
managing high-velocity streams of air-quality records. This will ensure efficient storage, retrieval, and automated
pre-processing of RMCAB data. A specialized user interface will provide real-time interaction with the
forecasting engine. Simultaneously, the integration of Large Language Models (LLMs) coupled with Retrieval-
Augmented Generation (RAG) modules will enable the system to provide intelligent, context-aware responses
grounded in both empirical evidence and local legal frameworks (Hochreiter & Schmidhuber, 1997; Pascanu,
Mikolov, & Bengio, 2013; Chollet, 2015; Gers et al., 2002). These elements will transform the predictive model
into an intelligent monitoring assistant capable of not only forecasting pollutant levels but also offering technical
explanations and actionable recommendations for both the general public and environmental authorities.
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Second, to enhance predictive robustness and reduce variance in PM10 forecasts, future iterations will
incorporate meteorological covariates, including ambient temperature, relative humidity, and atmospheric
pressure. These factors are critical drivers of particulate matter dispersion and concentration; their inclusion will
allow the model to capture complex atmospheric dynamics more effectively (Pascanu et al., 2013; World Health
Organization, 2021; Casallas Garcia et al., 2021). Furthermore, expanding the training horizon to include multi-
year historical datasets stored in optimized environments, such as SQLite or NoSQL databases, will improve the
model's capacity to identify seasonal cycles and long-term trends (Abadi et al., 2016; Franceschi et al., 2018;
Zaharia et al., 2020).

Third, the development of a natural language interface powered by LLMs will bridge the gap between
complex numerical outputs and public understanding. Users will be able to query the platform through a graphical
interface, receiving plain-language interpretations of forecasted pollution levels, automated health
recommendations based on scientific literature, and context-specific references to regulatory mandates like
Resolution 2254 of 2017 (Alcaldia Mayor de Bogota, 2017; Ministerio de Ambiente y Desarrollo Sostenible,
2017). The RAG engine will ensure that these responses are dynamically enriched with information retrieved from
verified legal databases and peer-reviewed articles, enhancing the transparency and reliability of the advisory
system (Chollet, 2015; Docker Inc., 2020; U.S. EPA, 2023).

In summary, the proposed developments aim to evolve this experimental prototype into a holistic early-
warning and advisory platform aligned with international sustainability agendas. By synergizing LSTMs,
meteorological data, and generative Al, the platform will contribute to Sustainable Development Goal 13 (Climate
Action) and support Bogota’s strategic efforts to reduce PM2.5 and PM10 exceedance days by 2030 (Ministerio
de Ambiente y Desarrollo Sostenible, 2025).
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6. Conclusions

This study developed and tested a predictive system for hourly PM..s and PMio concentrations in Bogota,
based on 168-hour (7-day) temporal windows and a multi-output Long Short-Term Memory (LSTM) architecture
with 64 recurrent units. Implemented in Keras/TensorFlow and trained with one year of data from the Bogota Air
Quality Monitoring Network (RMCAB), the model outperformed robust benchmarks, including persistence,
Linear Regression with 24-hour lags, and Random Forest Regressors, particularly for PMz.s. While the LSTM
showed superior ability to capture non-linear temporal dependencies, performance for PMio remains an area for
further refinement, confirming that this research serves as a validated proof-of-concept for urban forecasting.

From a regulatory perspective, the system demonstrates potential as a foundation for early-warning
frameworks aligned with Resolution 2254 of 2017. Nonetheless, its current accuracy and generalizability are
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constrained by several limitations: the exclusion of meteorological covariates and the difficulty of capturing
episodic pollution events such as wildfires or traffic peaks. Addressing these gaps will be essential before any
deployment in real-world decision-making contexts.

The study highlights the importance of reproducibility and scalability in environmental modeling. The
integration of collaborative platforms such as Google Colab, containerization with Docker, and monitoring
frameworks such as MLflow and TensorBoard provides a transferable workflow for future projects (Zaharia et
al., 2020).

Future work should expand the input space to include meteorological variables (temperature, humidity,
atmospheric pressure), test hybrid architectures (e.g., CNN-LSTM, attention mechanisms), and evaluate forecasts
over longer horizons (24-72 hours). Recent advances show that hybrid designs integrating CNNs, LSTMs, and
attention can substantially reduce forecasting errors and improve robustness compared to standalone models
(Zhang et al., 2023; Liang et al., 2025; Lv et al., 2024). Incorporating these strategies will be essential to move
from experimental prototypes to operational systems for air quality management.

In summary, this research contributes a significant step toward data-driven air quality forecasting in Bogota.
It offers both methodological lessons and a pathway for developing more reliable, interpretable, and impactful
predictive systems that can ultimately support public health strategies, regulatory compliance, and broader
sustainability goals, including Sustainable Development Goal 13 (Climate Action).

6.1. Managerial Implications

For policymakers and environmental authorities, this research illustrates how machine learning can
eventually support proactive air quality management in Bogota. Even at a proof-of-concept stage, the framework
suggests the potential to use LSTM-based models to anticipate pollution episodes and align responses with
Resolution 2254 of 2017. If refined and validated, such tools could guide contingency measures, improve
communication through Air Quality Index platforms, and foster greater public awareness. The study, therefore,
highlights a pathway for integrating predictive analytics into regulatory practice while recognizing that further
development is necessary before operational adoption.

6.2. Theoretical Implications

From an academic standpoint, this work contributes to the literature on deep learning for environmental
forecasting by adapting a multi-output LSTM to simultaneously predict PMz.s and PMie. This approach
underscores the value of shared representations in time series modeling and provides an example of how recurrent
architectures can be tailored to complex urban datasets. Beyond the model itself, the use of reproducible tools
such as TensorFlow, Docker, and MLflow emphasizes the importance of transparent, scalable workflows in
applied machine learning research. These insights open avenues for future studies exploring hybrid neural
architectures and integrating meteorological and regulatory data, advancing both machine learning methodology
and environmental science.
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Abstract: This article advances a conceptual framework defining inclusive biliteracy—
the coordinated development of literacy across Spanish and English within instructional
systems designed to be equitable by default—and argues that effective biliteracy
instruction requires coordinated design across four dimensions: structured literacy, cross-
linguistic development, UDL-based accessibility, and technology-supported instruction.
Drawing on an integrative review across cognitive reading science, bilingual education,
accessibility research, and educational technology, the article establishes that foundational
literacy components remain essential in bilingual contexts when coordinated across
languages and supported by oral language development and cross-linguistic transfer; that
multilingual learners with disabilities achieve strong outcomes under systematic,
scaffolded, accessible instruction; and that assistive and Al-mediated technology extends
access when aligned with instructional goals. The framework positions inclusive
biliteracy as both an educational construct and an infrastructural condition for equity and
human capital development, and generates five testable propositions operationalizable
through multilevel modeling, structural equation modeling, or cluster-randomized
designs. The contribution is conceptual: a theoretically grounded, multi-domain model
specifying the conditions under which biliteracy instruction becomes inclusive for all
learners.

Keywords: accessibility; bilingual education; Science of Reading; Spanish English dual
language; Al-mediated learning.

U.S. public schools educate a large and growing population of students who develop literacy across more

than one language. English learners represented 10.6% of all public-school students in 2021, or approximately 5.3
million learners, with higher concentrations in the early grades. In kindergarten, this proportion reaches 14.7%
before declining as some students are reclassified as English proficient (National Center for Education Statistics,
2024). Multilingualism is not peripheral to elementary education. It is a defining condition that must shape the
design and delivery of literacy.

Spanish—English dual language immersion (DLI) programs respond directly to this reality. These programs
aim to develop bilingualism, biliteracy, and academic achievement through sustained instruction in two languages.
National reports document their continued expansion across states and districts. The What Works Clearinghouse
defines dual language programs as models that provide at least 50% of instruction in a partner language and extend
across the elementary grades. Evidence from RAND and related studies shows positive long-term academic
outcomes, particularly for English learners (Institute of Education Sciences, What Works Clearinghouse, 2022;
Steele et al., 2017).

Early literacy remains a critical threshold within this context. In grades K—3, approximately 15% of students
are multilingual learners. By third grade, students are expected to transition from learning to read to reading to
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learn, a shift that continues to shape instructional priorities and intervention systems. Students who do not develop
strong foundational literacy skills during this period face increased risk of long-term academic difficulty (Amplify
Education, 2023; Annie E. Casey Foundation, 2010). Literacy design in the early grades carries lasting
consequences for multilingual learners.

The Science of Reading (SoR) has become a dominant force in shaping literacy policy and instructional
practice. The term refers to converging evidence from cognitive psychology, linguistics, neuroscience, and
education on how reading develops and how it can be taught effectively. In practice, SoR is associated with
explicit and systematic instruction in phonological awareness, phonics, decoding, word recognition, fluency,
vocabulary, oral language, and comprehension (Castles et al., 2018; Snowling et al., 2022). These principles
influence legislation, curriculum adoption, and teacher preparation across the United States.

Current SoR implementation frameworks, however, contain three specific structural limitations that this
article directly addresses. First, most presuppose phonemic inventories and orthographic features native to
English, creating a phonological mismatch when applied to Spanish-dominant learners without modification.
Second, existing SoR frameworks lack a principled model for cross-language instructional bridging — for
determining when and how to make the relationships between two linguistic systems explicit. Third, the
monolingual assessment benchmarks embedded in prevailing SoR-aligned policy frameworks (e.g., state literacy
laws) increase the risk of misidentification for multilingual learners and fail to account for the bilingual
development trajectories documented in the research literature. These are not peripheral concerns; they are
structural gaps that undermine the effectiveness of SoR implementation in dual language contexts (Kittle et al.,
2024; National Academies of Sciences, Engineering and Medicine, 2017).

Spanish—English bilingual learners illustrate these dynamics clearly. Spanish and English share alphabetic
features but differ in orthographic transparency, phonology, and morphology. Spanish supports early decoding
through consistent grapheme—phoneme relationships, while English introduces greater variability. Skills such as
phonological awareness, vocabulary, and metalinguistic knowledge operate across languages when instruction
makes these relationships explicit. Cross-linguistic transfer supports reading development when instruction is
coordinated across both languages (Miguez-Alvarez et al., 2022; Sun et al., 2021; van der Velde et al., 2019).

Literacy instruction in dual language classrooms must address linguistic complexity alongside learner
variability. Students differ in language proficiency, disability status, prior educational experience, and access to
resources. Instruction that assumes uniform development creates barriers to participation. Accessibility is not an
additional layer. It is a core condition of effective literacy instruction in bilingual settings.

Universal Design for Learning (UDL) provides a framework for designing instruction that anticipates
variability from the outset. UDL emphasizes multiple means of engagement, representation, and action and
expression (Meyer et al., 2014). In bilingual literacy contexts, this includes multimodal supports, scaffolded
language opportunities, and a clear separation between learning goals and the means used to access them. UDL
supports rigorous instruction by ensuring that all learners can engage with it.

Bilingual learners with disabilities require explicit inclusion within these systems. Research shows that these
students achieve biliteracy and academic success in dual language programs when instruction is intentional,
coordinated, and adequately supported (Genesee et al., 2022). Exclusion reflects institutional design, not learner
capacity. Bilingualism serves as an asset for cognitive and academic development when supported by equitable
instructional practices (Cummins, 1983; Genesee et al., 2022).

Educational technology further shapes literacy instruction. Digital tools, assistive technologies, and Al-
mediated systems support access, practice, and feedback. In Spanish—English contexts, these tools provide
multimodal input, pronunciation support, text-to-speech, and structured language scaffolds. For students with
disabilities, they reduce barriers related to decoding, written expression, and language production. Their
effectiveness depends on alignment with instructional goals and pedagogical design (Hurwitz et al., 2022; Wood
et al., 2018).

This article defines literacy instruction in Spanish—-English dual language settings as an integrated system. It
advances a conceptual framework that aligns structured literacy, bilingual development, accessibility, and
technology-supported instruction. The analysis examines how SoR-informed instruction operates across
languages, how UDL supports access, and how technology extends biliteracy development. This framework
positions inclusive biliteracy as a condition for equitable and sustainable educational systems.

2. Literature Review

This review draws on five intersecting bodies of scholarship: cognitive reading science, bilingual education,
sociocultural theory, accessibility-oriented instructional design, and educational technology. Together, these
domains explain how literacy develops in bilingual learners, how instruction operates across languages, and how
access is structured for diverse learners. The review focuses on points of convergence that support a coherent
model of biliteracy instruction.
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2.1 Science of Reading and Foundational Literacy

The Science of Reading (SoR) literature establishes reading as an integrated process involving decoding and
linguistic comprehension. The Simple View of Reading defines comprehension as the product of these two
components (Gough & Tunmer, 1986; Hoover & Gough, 1990). Scarborough’s Reading Rope extends this model
by identifying the interacting strands that contribute to reading development, including phonological awareness,
decoding, vocabulary, language structures, and background knowledge (Scarborough, 2001).

The National Reading Panel identified phonemic awareness, phonics, fluency, vocabulary, and
comprehension as central components of effective instruction (National Reading Panel, 2000). Subsequent work
situates these components within broader linguistic systems, including morphology, syntax, and semantics
(Snowling et al., 2022; Seidenberg, 2017).

This body of research is widely applied in policy and practice. However, its original scope did not center on
multilingual learners, and the current SoR-aligned policy framework has largely extended monolingual models
without systematic adaptation. Critics have noted that applying phonics-first SoOR models without modification
can pathologize reading development that follows a bilingual rather than a monolingual trajectory (cf. Paris, 2005).
This framework directly addresses that concern: the problem is not with structured literacy as such, but with its
decontextualized application to populations whose linguistic development differs structurally from the
populations on which the original research was conducted. Current scholarship extends SoR principles to bilingual
contexts by examining how foundational skills operate across languages (Castles et al., 2018; Kittle et al., 2024).

2.2 Bilingual Literacy and Cross-Linguistic Development

Literacy development in bilingual learners is shaped by cross-linguistic interaction. August and Shanahan
(2006) demonstrate that literacy-related skills transfer across languages and that instruction must address oral
language, linguistic relationships, and prior experiences with print. The National Academies (2017) define home
languages as developmental resources that support cognition, identity, and academic learning. Cummins’s theory
of linguistic interdependence explains how proficiency in one language supports literacy development in another
through shared underlying processes (Cummins, 1979).

Research on cross-linguistic transfer specifies these relationships. Transfer depends on orthographic
structure, typological similarity, oral language proficiency, and metalinguistic awareness. In Spanish—English
contexts, phonological awareness, decoding, and metalinguistic skills transfer across languages when instruction
makes these relationships explicit. Vocabulary development requires direct instruction in both languages (Miguez-
Alvarez et al., 2022; Sun et al., 2021; van der Velde et al., 2019). Biliteracy development, therefore, requires
coordinated instruction across languages: foundational skills remain central, but their acquisition is shaped by
linguistic interaction rather than isolated instruction.

2.3 Dual Language Education and Program Design

Research on dual language education defines the institutional and instructional conditions that support
biliteracy. Lindholm-Leary (2001) shows that sustained implementation and instructional quality are central to
long-term outcomes. Howard et al. (2018) define dual language education as a comprehensive model that
integrates curriculum, assessment, leadership, and community engagement. Biliteracy development depends on
coordinated program design rather than language allocation alone. Large-scale studies confirm that dual language
programs support academic achievement while promoting bilingualism and biliteracy (Institute of Education
Sciences, What Works Clearinghouse, 2022; Steele et al., 2017). These findings establish that structured literacy
and bilingual instruction operate within the same instructional system, not as parallel but unconnected tracks.

2.4 Sociocultural Perspectives on Literacy

Literacy development in bilingual contexts is shaped by social interaction and cultural meaning-making.
Vygotsky’s theory positions learning as socially mediated, with language functioning as a central tool in cognitive
development. The concept of funds of knowledge demonstrates that learners draw on cultural and linguistic
resources in meaning-making processes (Moll et al., 1992).

The multiliteracies framework (New London Group, 1996) and translanguaging theory (Garcia & Wei,
2014) both expand what counts as literacy beyond print and monolingual norms. Translanguaging theory defines
bilingual language use as an integrated system in which learners mobilize their full linguistic repertoire
dynamically rather than switching between two separate codes. This framework draws productively on this insight
while noting an important boundary: translanguaging frameworks center language use but do not operationalize
instruction in SoR-aligned foundational skills. Multiliteracies theory expands the definition of text but does not
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address disability access systematically. The integrated model proposed here extends both frameworks by adding
explicit instructional design requirements (structured literacy) and proactive accessibility planning (UDL) that
neither framework addresses in depth. This is the specific contribution of the inclusive biliteracy framework over
existing approaches.

2.5 Accessibility and Universal Design for Learning

Universal Design for Learning (UDL) provides a framework for designing instruction that anticipates learner
variability rather than retrofitting accommodations after barriers emerge. UDL defines three core principles:
multiple means of engagement, representation, action and expression (Meyer et al., 2014). In literacy instruction,
UDL supports access to rigorous content by varying how learners engage with material and demonstrate
understanding. Foundational skills instruction remains explicit and systematic, while access pathways are flexible.

Accessibility in bilingual contexts includes both disability-related supports and linguistic access. Instruction
must remove barriers related to decoding, language comprehension, and expression. UDL operationalizes access
by aligning instructional goals with multiple entry points, ensuring that the construct being assessed is not
conflated with the mode of access. This distinction between what is taught and how it is accessed is critical for
maintaining both rigor and equity.

2.6 Bilingual Learners with Disabilities

Research on bilingual learners with disabilities establishes inclusion as a core condition of equitable literacy
instruction. Cummins (1983) challenged deficit-based assumptions that restricted access to bilingual education
for students with disabilities. Recent research confirms that bilingual learners with disabilities achieve strong
academic and linguistic outcomes in dual language programs when instruction is coordinated and supported
(Genesee et al., 2022). Exclusion reflects institutional barriers rather than incompatibility between bilingualism
and disability.

This literature also identifies persistent issues of misidentification and disproportionality. Assessment
systems that do not account for bilingual development increase the risk of inappropriate classification.
Instructional systems must distinguish language development from disability and provide equitable access to
biliteracy pathways.

2.7 Educational Technology

Educational and assistive technology expands access to, practice of, and feedback in literacy instruction.
Assistive tools such as text-to-speech, read-aloud systems, and speech recognition support comprehension and
expression for students with reading and language-based disabilities (Wood et al., 2018). Digital literacy platforms
support structured skill development when integrated with explicit instructional goals (Hurwitz et al., 2022). In
bilingual contexts, translation scaffolds, bilingual glossaries, and pronunciation tools support vocabulary and
comprehension when used as part of coordinated instruction.

Al-mediated tools represent an emerging layer with potential for adaptive feedback and personalized practice
(Paglialunga & Melogno, 2025). The evidence base remains preliminary. Critics have raised a substantive
concern: that Al-mediated and algorithmic literacy tools risk reducing instruction to decontextualized skill
rehearsal, displacing teacher judgment and culturally sustaining practice (cf. Selwyn, 2019, on the datafication of
education). This framework addresses this concern directly by establishing that technology must be pedagogically
aligned and teacher-mediated; it cannot function as a standalone solution. This constraint is a feature, not a
limitation, of the model.

2.8 Synthesis and Theoretical Positioning

Literature establishes a coherent model of literacy development. Reading science defines foundational
processes. Bilingual education research shows that these processes operate across languages through transfer and
coordinated instruction. Sociocultural theory positions literacy as socially mediated and culturally grounded. UDL
defines access as a core feature of instructional design. Research on bilingual learners with disabilities establishes
inclusion as essential to equitable systems. Technology literature identifies conditions under which digital tools
support rather than displace learning.

These domains converge on a single conclusion: biliteracy instruction requires coordinated design across
linguistic, cognitive, social, and accessibility dimensions. The framework proposed in this article is distinguished
from existing models in three specific ways. First, unlike translanguaging frameworks, it operationalizes
foundational skill instruction explicitly across languages rather than treating language use as inherently flexible
and student-directed. Second, unlike multiliteracies frameworks, it systematically addresses the needs of learners
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with disabilities through UDL. Third, unlike SoR implementation frameworks as currently applied in policy, it
builds cross-linguistic transfer and bilingual developmental trajectories into the architecture of literacy instruction
rather than treating them as supplementary adaptations.

3. Conceptual Framework for Inclusive Biliteracy

3.1 Framework Overview

This article advances a conceptual framework for inclusive biliteracy built on four coordinated dimensions:
(1) structured literacy aligned with the Science of Reading, (2) bilingual and cross-linguistic development, (3)
accessibility through Universal Design for Learning (UDL), and (4) technology-supported instruction.

Inclusive biliteracy, as a construct, is defined along four corresponding dimensions. The linguistic dimension
refers to proficiency and literacy development in both Spanish and English, including the ability to mobilize cross-
linguistic knowledge to support comprehension and production. The accessibility dimension refers to the proactive
removal of barriers for learners with disabilities and linguistic differences, designed into instruction from the
outset rather than added as accommodation after the fact. The instructional design dimension refers to coordinated,
cross-linguistic, structured instruction aligned with SoR, and to explicit, cumulative, and systematically adapted
instruction across both languages. The participation dimension refers to equitable engagement in biliteracy
pathways regardless of disability status or language background. This four-part definition distinguishes inclusive
biliteracy from general biliteracy frameworks (which do not systematically address disability access) and from
UDL-only approaches (which do not address cross-linguistic transfer). The term "inclusive biliteracy framework”
is used throughout to refer to the instructional design model; "inclusive biliteracy" refers to the educational
outcome construct.

The framework defines literacy instruction as a system rather than a sequence of independent components.
Structured literacy establishes the developmental architecture of reading. Bilingual development determines how
those skills are acquired and applied across languages. Accessibility ensures that all learners can engage with
instruction. Technology extends access and supports differentiation. When a single dimension is isolated or
underdeveloped, instructional coherence breaks down, and access is reduced.

3.2 Core Constructs
3.2.1 Structured Literacy (Science of Reading)

Structured literacy defines the essential components of reading development: phonological awareness,
phonics, fluency, vocabulary, and comprehension. Instruction is explicit, systematic, and cumulative. In bilingual
contexts, these components are not duplicated across languages. They are coordinated to reflect differences in
orthography, phonology, and morphology. Spanish supports early decoding through consistent sound-symbol
correspondence; English requires greater flexibility in mapping print to sound. Instruction must account for both
shared and language-specific features, making structural differences visible through explicit metalinguistic
comparison.

3.2.2 Bilingual and Cross-Linguistic Development

Biliteracy develops through interaction between two linguistic systems. Skills such as phonological
awareness, decoding, and metalinguistic knowledge transfer across languages when instruction makes these
relationships explicit. Spanish and English differ in transparency, phonotactics, and morphological structure.
Instruction must address these differences directly while supporting cross-linguistic connections, including
attention to cognates, morphological patterns, syllable structures, and phoneme—grapheme correspondences.

3.2.3 Accessibility and Universal Design for Learning (UDL)

Accessibility is a design condition, not an accommodation. UDL operationalizes this principle through
multiple means of engagement, representation, and action and expression. In bilingual literacy contexts,
accessibility includes both disability-related supports and linguistic access. The critical distinction is between the
construct being taught and the mode through which it is accessed. This distinction allows rigorous content to
remain stable while access pathways vary. Inclusion of multilingual learners with disabilities is not a specialized
pathway; it is the baseline expectation of equitable instructional design.

3.2.4 Technology-Supported Instruction
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Technology serves as instructional support, extending access to practice and feedback. It serves two distinct
functions: a compensatory function (reducing barriers to access for students with disabilities) and a developmental
function (supporting practice and skill acquisition). These functions are not interchangeable. Instruction must
distinguish between tools that provide access and those that build capacity and must deploy each accordingly.
Technology is effective when it is aligned with instructional goals and integrated within the broader literacy
system. When used in isolation, it does not produce sustained learning outcomes.

3.3 Relationships Among Constructs

The four constructs operate as an integrated system with reciprocal relationships:

Structured literacy defines what is taught.

Bilingual development defines how literacy skills transfer and develop across languages.
Accessibility defines who can participate and under what conditions.

Technology defines how instruction is extended and supported.

Instructional effectiveness depends on alignment across all four dimensions. Structured literacy that is not
coordinated across languages limits transfer. Bilingual instruction that does not incorporate accessibility restricts
participation. Technology that is not aligned with pedagogy functions as an add-on rather than as an instructional
support. Alignment produces coherence. Misalignment produces fragmentation.

3.4 Outcome: Inclusive Biliteracy Development

The immediate outcome of this framework is inclusive biliteracy development, defined as:

e  Proficiency in reading across Spanish and English

e  Development of cross-linguistic awareness and transfer

e Access to grade-level literacy instruction for learners with diverse profiles

e  Sustained participation through accessible and responsive design

At the broader level, inclusive biliteracy functions as part of the educational infrastructure. It determines

whether learners can access, engage with, and benefit from schooling, and downstream, whether they can
participate in multilingual economies, civic institutions, and professional pathways. The long-term human capital
and sustainability outcomes described in Section 5 are contingent on the four instructional dimensions being
operative simultaneously. This connection integrates the sustainability argument into the core of the framework
rather than appending it as a separate consideration.

3.5 Propositions for Future Research

This framework generates testable propositions that can guide empirical research:

Proposition 1: Coordinated structured literacy instruction across Spanish and English produces stronger
biliteracy outcomes than monolingual implementation models. Measurable outcomes: Oral Reading Fluency
(ORF) and Developmental Reading Assessment (DRA) scores in both languages. Feasible design: quasi-
experimental comparison using multilevel modeling (students nested within classrooms and schools).

Proposition 2: Explicit cross-linguistic instructional design strengthens transfer of phonological,
morphological, and metalinguistic skills. Measurable outcomes: phonological awareness task performance across
languages, morpheme identification scores. Feasible design: pre-post experimental study with cross-linguistic
bridging as the instructional condition.

Proposition 3: Accessibility-informed literacy instruction increases participation and reading outcomes for
multilingual learners, including students with disabilities. Measurable outcomes: participation rates in biliteracy
pathways, longitudinal literacy trajectory data by disability status. Feasible design: longitudinal comparison of
UDL-implementing vs. non-implementing DLI programs.

Proposition 4: Technology enhances differentiation and access when it is aligned with structured literacy
and UDL principles. Measurable outcomes: comprehension scores, task completion rates for students with and
without assistive technology. Feasible design: randomized assignment to technology-integrated vs. technology-
as-supplement conditions within classrooms.

Proposition 5: Alignment among structured literacy, bilingual development, accessibility, and technology
yields more equitable and sustained literacy outcomes than the isolated implementation of any single component.
Feasible designs: (a) structural equation modeling estimating path coefficients among the four dimensions toward
a latent biliteracy outcome; (b) cluster-randomized trial comparing whole-framework vs. partial implementation
conditions.

LABSREVIEW 3(1), https.//doi.10.70469/labsreview.v3il.39 www.labsreview.org



Oromas-Sosa & Zarzalejo | Accessibility meets the Science of Reading in Spanish and English 35

inclusive biliteracy framework

Structured literacy (SoR)

phonics - fluency - oral language
explicit, systematic, cumulative
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cross-linguistic transfer multiple means of access

equity - access - participation

Technology-supported
instruction

assistive - adaptive - Al tools

= direct input to biliteracy development (bidirectional)

reciprocal influence between dimensions

Figure 1. Conceptual framework for inclusive biliteracy integrating structured literacy (SoR),
bilingual development, accessibility (UDL), and technology-supported instruction.

Figure 1 presents the framework. Each of the four dimensions provides direct, bidirectional input to inclusive
biliteracy development (solid arrows) and exerts reciprocal influence on the other dimensions (dashed lines),
within an integrated instructional system.

4. Materials and Methods
4.1 Research Design

This study uses an integrative theoretical literature review to synthesize scholarship across multiple domains
and to construct a conceptual framework for literacy instruction in Spanish—English dual-language contexts.
Integrative reviews are suited to research problems that span disciplines, incorporate diverse forms of evidence,
and require conceptual development rather than narrow intervention analysis (Torraco, 2005, 2016; Whittemore
& Knafl, 2005; Snyder, 2019). The research problem requires engagement with cognitive reading science,
bilingual education, sociocultural theory, accessibility and disability studies, Universal Design for Learning, and
educational technology. No single domain captures the full structure of biliteracy instruction. This design supports
the identification of key constructs, the analysis of relationships among them, and the development of a unified
explanatory model (Jabareen, 2009). This study is theory-building. Systematic review principles inform it, but it
does not function as a meta-analysis or a bounded systematic review of intervention effects (Grant & Booth,
2009).

4.2 Review Purpose and Guiding Questions
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The purpose of the review is to synthesize interdisciplinary scholarship to answer the following conceptual
question: How can Science of Reading—informed literacy instruction be designed for Spanish—-English dual
language classrooms through coordinated attention to bilingual development, accessibility, and technology?

Four guiding questions structure the analysis:

e What scholarship defines the core components of Science of Reading—aligned literacy instruction?

e  What does the literature on bilingualism and biliteracy indicate about cross-linguistic transfer and
language-specific adaptation?

e  Howdo UDL, accessibility research, and disability studies inform equitable participation in literacy
instruction?

e  How does educational and assistive technology extend access and support biliteracy development?

4.3 Search Strategy and Source Identification

The review used a structured, iterative search process across five domains: reading science, bilingual
education, sociocultural and inclusive theory, accessibility and UDL, and educational technology. Search methods
included keyword searches across academic databases (ERIC, PsycINFO, Google Scholar), backward and forward
citation tracking from anchor studies, and targeted identification of foundational and highly cited works. Search
terms included combinations of: “Science of Reading,” “structured literacy,” “dual language education,”
“Spanish—English bilingual,” “biliteracy,” “cross-linguistic transfer,” “multilingual learners,” “Universal Design
for Learning,” “accessibility,” “students with disabilities,” “assistive technology,” and “Al in literacy.”

The final corpus comprised approximately 35 sources spanning the period 1979-2025, distributed across
five domains: cognitive reading science, bilingual and dual language education, sociocultural and inclusive theory,
accessibility and disability studies, and educational technology, with three policy and institutional reports included
for contextual grounding. Foundational works established theoretical grounding, while recent studies captured
current developments in multilingual literacy and technology.

29 ¢

4.4 Inclusion and Exclusion Criteria

Sources were included if they: established theoretical or conceptual foundations in reading science, bilingual
education, UDL, sociocultural theory, or disability inclusion; provided empirical or synthesized evidence relevant
to literacy, biliteracy, or multilingual learners; addressed Spanish—English contexts, cross-linguistic transfer,
accessibility, or instructional design; or focused on multilingual learners, students with disabilities, or their
intersection. Sources were excluded if they: focused exclusively on monolingual populations without transferable
relevance, lacked methodological rigor or scholarly grounding, presented technical descriptions without
instructional or conceptual implications, or duplicated stronger or more comprehensive sources. Policy and
practitioner documents were included selectively to contextualize implementation.

4.5 Source Appraisal and Analytic Procedure

Sources were evaluated based on their contribution to the conceptual framework rather than treated as
equivalent in evidentiary weight. Empirical studies were assessed for methodological transparency and alignment
between evidence and claims. Foundational and theoretical works were evaluated for conceptual clarity and
sustained scholarly influence.

The analytic process was qualitative and iterative. Sources were organized into a domain-based matrix:
cognitive reading science, bilingualism and biliteracy, sociocultural and inclusive theory, accessibility and
disability, and educational technology. Within each domain, texts were coded for: core constructs (e.g., decoding,
transfer, accessibility), instructional principles, theoretical claims, and points of convergence across domains.
Codes were grouped into higher-order themes, including structured literacy, cross-linguistic transfer, oral
language development, learner variability, accessibility through UDL, inclusive participation, and technology as
instructional support. Constant comparison across sources ensured that claims reflected patterns across the
literature rather than individual studies (Braun & Clarke, 2006; Saldana, 2016).

Where sources produced conflicting findings, patterns were evaluated based on the preponderance of the
evidence rather than on individual studies. Conflicts arising from differences in sample characteristics (e.g.,
monolingual vs. bilingual populations, age range, disability status) or instructional context were noted and
incorporated as boundary conditions within the framework’s propositions rather than treated as disconfirming
evidence. This approach is consistent with established integrative review methodology (Whittemore & Knafl,
2005).

4.6 Framework Construction, Reflexivity, and Limitations
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The final stage translated thematic patterns into a conceptual model. The analysis adopts a defined
interpretive stance: it focuses on Spanish—English dual language contexts in U.S. elementary education, treats
bilingualism and disability as dimensions of learner variability rather than deficits, and distinguishes reading
science as a body of scholarship from its policy interpretation.

Several limitations apply. The review synthesizes heterogeneous sources and does not provide pooled effect
sizes or formal evidence grading. The inclusion of both empirical and conceptual work requires interpretive
judgment. Technology and Al literature are evolving, and some findings remain preliminary. The contribution of
this study is conceptual: it provides a theoretically grounded framework that organizes existing scholarship into a
coherent model for inclusive biliteracy instruction.

5. Results

The literature establishes that the core components of the Science of Reading, including phonological
awareness, phonics, word recognition, fluency, vocabulary, oral language, and comprehension, remain essential
in Spanish—English dual language programs. These components do not change in bilingual contexts. Their
implementation does.

Instruction must account for the interaction between two linguistic systems. Foundational skills develop
through coordinated exposure to Spanish and English rather than through isolated, monolingual sequences. A
recent synthesis of research on multilingual learners confirms that SoR-aligned instruction supports reading
development when it incorporates oral language, linguistic assets, and the relationship between decoding and
language proficiency (Kittle et al., 2024). Cross-linguistic transfer functions as a central mechanism in this
process. Skills developed in one language support reading development in another, particularly in domains such
as phonological awareness, decoding, and metalinguistic knowledge. A meta-analysis of bilingual learners
identifies consistent relationships between phonological awareness and reading outcomes across languages
(Miguez-Alvarez et al., 2022). Longitudinal research on Spanish—English learners shows that early literacy
development in Spanish supports later word reading in English (Sun et al., 2021).

Transfer is not automatic; it depends on the explicit instructional design described in Section 3.2.
Empirically, when learners engage in structured cross-linguistic comparison, they develop metalinguistic
awareness that strengthens reading development in both systems (Miguez-Alvarez et al., 2022; Sun et al., 2021;
van der Velde et al., 2019).

Oral language operates as a structural component of reading development. Vocabulary, syntax, and discourse
knowledge support comprehension across languages. Multilingual learners often develop these domains unevenly
across Spanish and English. Instruction must integrate oral language development with foundational skills rather
than treat it as a separate domain (Kittle et al., 2024; National Academies of Sciences, Engineering, and Medicine,
2017). The evidence supports a unified instructional model. Structured literacy and bilingual pedagogy operate
within the same system. When foundational skills instruction is explicit and coordinated across languages, dual
language programs support both reading development and bilingual proficiency (Howard et al., 2018; Lindholm-
Leary, 2001; Steele et al., 2017).

Accessibility defines participation in biliteracy instruction. Multilingual learners with disabilities have
historically been excluded from bilingual programs through referral practices, program design, and deficit-based
assumptions about capacity. The literature rejects these assumptions: multilingual learners with disabilities
develop biliteracy and academic competence when instruction is coordinated, scaffolded, and sustained (Genesee
et al., 2022). Outcomes are not constrained by bilingualism. They are shaped by access to instruction.

Applying the UDL principles defined in Section 3.2.3, accessible biliteracy instruction provides multimodal
input, structured language supports, visual representation, and flexible options for demonstrating understanding—
keeping learning goals stable while access pathways vary, so that rigor and access are maintained together.

Inclusive biliteracy instruction requires systematic scaffolding: oral language modeling, guided practice,
visual supports, and structured opportunities for cross-language interaction. These supports benefit multilingual
learners broadly and are essential for students with identified disabilities. Assessment practices must also reflect
bilingual development; monolingual assessment systems increase the risk of misidentification, and evaluations
must account for language proficiency, cross-linguistic transfer, and variation in language exposure.

Consistent with the compensatory and developmental functions distinguished in Section 3.2.4, the evidence
shows technology amplifies rather than replaces foundational teaching. Assistive technologies—text-to-speech,
read-aloud systems, speech recognition—provide the strongest evidence of impact, improving access to grade-
level content for students with reading and language-based disabilities while instruction continues to develop
foundational skills (Wood et al., 2018). Digital literacy tools support structured skill engagement when integrated
with explicit pedagogical goals; without that alignment, their impact is limited (Hurwitz et al., 2022).

In bilingual contexts, technology also supports linguistic access through translation scaffolds, bilingual
glossaries, and pronunciation tools. Al-mediated tools offer potential for adaptive feedback and personalized
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practice, though the current evidence base is preliminary (Paglialunga & Melogno, 2025). The compensatory and
developmental functions of technology are distinct and must be deployed accordingly: tools that provide access
to content are not substitutes for tools that build literacy capacity, and neither replaces direct instruction.

Technology is effective when aligned with structured literacy, bilingual development, and accessibility
principles. When integrated within this system, it extends instructional reach and supports participation. When
treated as an independent solution—or when Al tools are allowed to substitute for teacher-mediated, culturally
sustaining instruction—it does not produce sustained literacy outcomes and may reinforce the decontextualized
skill-rehearsal patterns that critics of educational technology have documented (Selwyn, 2019).

5.1 Relevance to Sustainability, Human Capital, and Public Policy

Inclusive biliteracy instruction carries implications beyond classroom practice that connect directly to the
four framework dimensions established in Section 3. The long-term outcomes described in this section- expanded
human capital, workforce participation, and intergenerational mobility- are downstream consequences of whether
structured literacy is coordinated across languages, whether bilingual development is supported through explicit
cross-linguistic design, whether accessibility is embedded through UDL, and whether technology is integrated
with rather than substituted for direct instruction. Sustainable educational systems require all four conditions to
be operative simultaneously.

International frameworks identify equitable access to education as central to sustainable development.
Sustainable Development Goal 4 and the Education 2030 agenda define literacy, inclusion, and participation as
core components of educational systems (United Nations, 2015; UNESCO, 2016). These frameworks emphasize
access to quality education across linguistic and social contexts, which requires precisely the kind of inclusive
instructional design this framework operationalizes.

Biliteracy development contributes directly to human capital formation. Proficiency across languages
expands access to academic content, professional pathways, and civic participation. In Spanish—English contexts,
biliteracy supports engagement in multilingual economies and institutions (World Bank, 2018). In Latin American
and Latinx contexts, language, access to education, and structural inequality shape patterns of opportunity;
instructional models that integrate bilingual development, accessibility, and participation expand pathways into
education and employment across generations.

The relationship between literacy and economic participation is well established: individuals with strong
literacy skills demonstrate higher rates of employment, income stability, and civic engagement. When literacy
systems exclude multilingual learners or students with disabilities by failing to address any one of the four
framework dimensions, these outcomes are unevenly distributed. Educational design decisions produce long-term
consequences for participation at scale.

6. Discussion

The analysis establishes that the Science of Reading, bilingual education theory, and accessibility-oriented
design converge on a shared instructional model. This convergence is not incidental. It reflects a consistent pattern
across the literature: literacy development depends on the interaction of decoding, language, access, and
participation.

Two countervailing positions warrant acknowledgment before elaborating on the implications. First, some
scholars caution that rigid phonics-first SOR models can pathologize the reading development of multilingual
learners whose phonemic systems differ from English, effectively treating bilingual developmental patterns as
deficits (Paris, 2005). This framework addresses this concern by requiring language-specific adaptation of
structured literacy rather than wholesale transfer of monolingual SoR models; the problem is in the application,
not in structured literacy as a principle. Second, critics of Al-mediated and digital literacy tools argue that
algorithmic feedback risks reducing literacy to decontextualized skill rehearsal, displacing teacher judgment and
culturally responsive practice (Selwyn, 2019). The framework's condition that technology must align with
structured literacy and UDL goals and cannot function as a standalone solution directly addresses this risk. Naming
these tensions sharpens the framework's scope conditions.

Structured literacy and bilingual pedagogy operate within the same system. Explicit and systematic
instruction in foundational skills supports multilingual learners when it is coordinated across languages. Cross-
linguistic transfer, oral language development, and language-specific adaptation shape how these skills develop.
Instruction that isolates languages or applies monolingual models limits this process and misses the central
mechanism through which biliteracy develops.

Accessibility is embedded in the architecture of effective instruction, not appended to it. Multilingual
learners with disabilities participate fully in biliteracy development when supports are proactive and
systematically designed. Access to bilingualism is not a specialized pathway; it is part of equitable educational
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design. When accessibility is not embedded from the outset, participation is restricted regardless of instructional
quality elsewhere in the system.

Technology operates as an instructional mediator within this system. Digital and assistive tools extend
opportunities for practice, feedback, and access to content, but only when their compensatory and developmental
functions are clearly distinguished and aligned with literacy goals. Technology does not strengthen instruction on
its own; it extends instruction that is already coherent.

The current evidence base presents clear limitations. Multilingual learners and students with disabilities
remain underrepresented in research that informs large-scale literacy policy. Implementation claims often extend
beyond the populations included in foundational studies. Future research must examine cross-linguistic
sequencing of foundational skills, the role of oral language in bilingual comprehension, the impact of accessibility
on literacy trajectories, and the conditions under which technology produces durable outcomes in authentic
classroom contexts. The five propositions in Section 3.5 provide specific, operationalized directions for this
research.

Culturally and linguistically sustaining pedagogy remains central to this model. Learners’ linguistic
resources, cultural knowledge, and identities shape engagement and meaning-making. Instruction that
incorporates these dimensions supports comprehension and participation across languages and integrates naturally
with the framework's sociocultural foundation.

7. Conclusions

This article establishes that literacy instruction in Spanish—English dual language classrooms operates as an
integrated system that aligns structured literacy, bilingual development, accessibility, and technology. The Science
of Reading, defined as a multidisciplinary body of evidence on decoding, word recognition, language
comprehension, fluency, vocabulary, and meaning-making, supports biliteracy development when implemented
within a multilingual and accessibility-oriented framework (August & Shanahan, 2006; Kittle et al., 2024;
National Academies of Sciences, Engineering, and Medicine, 2017).

The inclusive biliteracy framework proposed here is distinguished from existing models in three ways: it
operationalizes foundational skill instruction explicitly across languages (unlike translanguaging frameworks), it
systematically addresses the needs of learners with disabilities through UDL (unlike multiliteracies frameworks),
and it builds cross-linguistic transfer and bilingual developmental trajectories into the architecture of instruction
(unlike SoR frameworks as currently applied in policy). The four-dimensional construct definition—linguistic,
accessibility, instructional design, and participation—provides a basis for operationalization, measurement, and
empirical testing.

Structured literacy remains essential. Its implementation requires coordination across Spanish and English
to reflect orthographic, phonological, and morphological differences. Foundational skills develop through explicit
instruction in both languages, supported by cross-linguistic awareness and sustained oral language development.
Biliteracy does not emerge from parallel monolingual instruction; it develops through coordinated design.

Accessibility defines whether learners can participate in biliteracy instruction. Multilingual learners with
disabilities develop literacy and academic competence when instruction is scaffolded, linguistically responsive,
and systematically designed from the start. Access to bilingualism and biliteracy is a matter of educational equity,
not program eligibility.

Technology supports biliteracy development by extending access, practice, and feedback—but only when
its compensatory and developmental functions are clearly distinguished and aligned with instructional goals.
Emerging Al-mediated tools show potential for adaptive support; the same alignment requirements as other
technologies must govern their integration.

Future research should examine cross-linguistic sequencing of foundational skills, the role of oral language
in bilingual comprehension, the impact of accessibility on literacy trajectories, and the function of technology in
authentic classroom contexts. The five propositions in Section 3.5 provide operationalized directions for this work,
with specific outcome variables and research designs.

Inclusive biliteracy functions as part of the educational infrastructure. It shapes access to learning,
participation in schooling, and long-term social and economic outcomes. Instruction that integrates structured
literacy, bilingual development, accessibility, and technology—all four dimensions, in coordination—supports
equitable literacy development and expands educational opportunity in multilingual societies.
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Abstract: Tourism slogans function as cultural invitations and are often among the first
messages encountered by international travelers. Increasingly, these messages are
mediated through free machine translation (MT) platforms such as Google Translate,
DeepL, and Microsoft Translator. This pilot study examines whether these systems
transmit not only semantic meaning but also the persuasive tone embedded in tourism
discourse. To address this question, the study introduces Critical Machine Translation
Praxis, an analytical approach that combines Baker's taxonomy of translation shifts with
an affective semiotic perspective. Forty Latin American tourism slogans were translated
across three MT engines and compared with human benchmark translations. Each output
was evaluated for fidelity, translation-shift patterns, and persuasive effect. The findings
reveal a notable divide: although 52.5% of the translations maintained high semantic
fidelity, many of the outputs exhibited tonal flattening, excessive literalism, or culturally
misleading cues. DeepL produced the most natural-sounding translations overall, while
Google Translate and Microsoft Translator showed greater variability, particularly in the
handling of idioms, affective nuance, and culturally embedded expressions. These results
suggest that tonal drift and lexical imprecision can weaken the persuasive force of tourism
slogans. The study argues that translation quality in tourism communication should not be
reduced to accuracy alone; rather, emotional resonance, cultural nuance, and destination
appeal remain central to how places are represented, interpreted, and received by global
audiences.

Keywords: Affective blindness, Artificial Intelligence, intercultural communication,
machine translation, tourism slogans.

Tourism is a cornerstone of Latin America's economy, contributing billions of dollars annually and
sustaining millions of jobs. In this highly competitive sector, slogans serve as strategic assets, condensing national
identity and brand promise into a few memorable words. For many destinations, these short phrases are the first,
and sometimes only, encounter international audiences have with a country's image. Increasingly, that encounter
is mediated by free machine translation (MT) systems such as Google Translate, DeepL, and Microsoft Translator.

As tourists browse websites, social media posts, or promotional campaigns, these tools often provide the
gateway through which slogans are understood. This reliance reaches beyond convenience. For travelers with
limited language proficiency, or for those relying on screen readers, machine translation can determine how
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accessible and inclusive a destination appears. When a translation flattens tone or distorts cultural meaning, the
effect extends beyond weakened persuasion. It risks creating barriers to access and shaping perceptions in ways
that exclude rather than welcome. At stake is not only linguistic accuracy, but also the preservation of persuasive
force, emotional resonance, and accessibility that global tourism communication requires.

Machine translation systems have made substantial progress in grammatical and semantic accuracy, yet they
continue to display what can be described as "affective blindness" or the inability to perceive and reproduce
emotional undertones. In tourism marketing, persuasion relies not only on linguistic precision but also on tone,
rhythm, and cultural resonance. Even small distortions can carry significant consequences. A slogan crafted to
radiate warmth may appear flat, while an idiom intended to spark excitement may surface as awkward or
confusing. For example, the Spanish expression "se me sale el corazéon del pecho", which conveys overwhelming
joy, frequently emerges in MT as "my heart comes out of my chest," a literal rendering that risks unsettling visitors
rather than welcoming them.

This pilot study introduces Critical MT Praxis, an applied framework that brings together Baker's (1992)
taxonomy of translation shifts with an affective semiotic lens. The framework evaluates not only structural
distortions, level, category, structure, unit, and intra-system, but also the degree to which a slogan's emotional and
cultural force is preserved in translation. By linking technical analysis with intercultural communication theory,
Critical MT Praxis foregrounds both meaning and affect as core criteria for evaluation.

Our exploratory analysis of 40 Latin American tourism slogans highlights both the promise and the limits of
contemporary MT Just over half (52.5%) of slogans retained clarity and persuasive tone. Nearly half (47.5%),
however, suffered meaningful losses through tone flattening, misleading literalism, or diluted cultural cues. These
distortions matter: mistranslations can weaken brand identity, erode trust, and, in some cases, create accessibility
risks for multilingual users or those relying on assistive technologies.

The central research question guiding this pilot is:

To what extent do free MT tools preserve the persuasive and affective qualities of Latin American tourism
slogans, and what risks emerge when they do not?

Answering this question has both academic and practical value. For scholars, it provides an empirical case
of how affective blindness manifests in short-form marketing discourse. For practitioners, it offers a
straightforward pre-launch screening method: test slogans in free MT engines, identify distortions, and revise as
needed.

By integrating semantic and affective dimensions, Critical MT Praxis makes significant contributions to
translation studies, intercultural communication, and marketing ethics. It underscores that in tourism, language is
never just informational; it is persuasive, affective, and inclusive, shaping how destinations are experienced and
trusted by global audiences.

2. Literature Review

Tourism descriptions and slogans have long been recognized as a domain where language functions not only
to describe destinations but also to persuade and shape identity (Dann, 1996). Slogans carry particular force,
condensing cultural resonance and emotion into short, memorable lines. However, when these slogans circulate
through machine translation (MT), much of their persuasive impact can be weakened or lost.

2.1 Baker's Shift Taxonomy

Baker's (1992) taxonomy of translation shifts, level, category, structure, unit, and intra-system. It offers a
systematic way to document semantic distortions. While MT systems are increasingly accurate at the structural
level, they struggle with affective nuance. This limitation can be described as "affective blindness", or the
incapacity of neural systems to reproduce tone, warmth, or cultural resonance. Barthes's (1980) distinction
between studium (the shared, literal meaning) and punctum (the affective spark that moves us) provides a valuable
lens. MT often retains studium but erases punctum, flattening language into information devoid of affect. For
example, "Colombia es pasion" becomes "Colombia is passion", a translation that is lexically correct but
emotionally flat. Similarly, idioms such as "se me sale el corazon del pecho" appear as "my heart comes out of
my chest," producing grotesque or confusing imagery rather than heartfelt excitement. These distortions are not
trivial or small. They illustrate how affective meaning, central to persuasion, is lost through machine-rendered
Literalism.
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2.2 Intercultural Communicative Competence (ICC)

Byram (1997) defines intercultural communicative competence (ICC) as the ability to navigate across
cultures with curiosity, empathy, and sensitivity. Human translators draw on ICC when choosing between “usted”
and “t0," or when reshaping metaphors so they resonate in another cultural context. MT systems, by contrast,
predict word sequences without awareness of context. As House (2015) observes, this often yields surface-level
accuracy but socially off-key phrasing. A typical case is Curagao, where "siente el calor"” is rendered as "feel the
warmth" by a human translator, but MT typically outputs "feel the heat." This can give the impression of
discomfort instead of hospitality. ICC highlights why humans still outperform machines in contexts where
persuasion depends on affect and cultural nuance.

2.3 Research Gap and Contribution

Most MT research focuses on extended texts such as literature, speeches, or idioms (Bowker & Buitrago
Ciro, 2015; Klimova, 2025). Short-form marketing discourse, despite its commercial and cultural weight, has
received less systematic study. Tourism slogans are particularly high-stakes: they function as "headline texts" that
condense identity, evoke emotion, and influence economic outcomes.

Recent studies confirm this gap. Chen (2025) shows that ChatGPT, when guided by culturally tailored
prompts, can outperform Google Translate and DeepL in translating tourism text. It achieves higher levels of
fidelity, fluency, cultural sensitivity, and persuasiveness, though human oversight remains essential. Freskila and
Jayantini (2025) find that Google Translate more often preserves pragmatic and connotative nuance, whereas
DeepL defaults to formal equivalence. The differences that meaningfully shape how tourism websites are
perceived. Complementing these findings, Naveen (2024) surveys the broader limitations of machine translation,
noting idiomatic and affectively dense texts as persistent weaknesses. Together, these studies reinforce the need
for targeted research on slogans, where cultural resonance and emotional tone are condensed into the briefest
forms.

Foundational work in translation studies reinforces this gap. Nida's (1964) distinction between formal
equivalence (literal accuracy) and dynamic equivalence (reader response) anticipated the very tension observed
here: MT tends to favor surface-level accuracy at the cost of persuasive effect. Venuti (1995) similarly argues that
translation is never neutral but always positions cultural values, with "domestication" and “foreignization" shaping
how texts are received. These classic insights underscore why slogans, condensed cultural performances, are
particularly vulnerable to distortion when processed through MT.

This pilot study addresses that gap by applying Critical MT Praxis, an integrated framework that combines
Baker's taxonomy, affective semiotics, and ICC, to a corpus of 40 Latin American slogans.

The framework rests on three insights:
e  Semantic distortions (Baker's shifts) can be systematically measured.
e  Emotional flattening (affective blindness) weakens persuasion even when lexical accuracy is
preserved.
e  Cultural literacy (ICC) is essential for adapting slogans with sensitivity and respect.

2.4 Applied Al, Accessibility, and Custom GPTs

Recent advances in applied Al suggest possible responses. Affective computing (Picard, 1997) and resources
such as EmoBank (Buechel & Hahn, 2017) and GoEmotions (Demszky et al., 2020) enable fine-grained emotional
annotation beyond simple polarity categories. Spanish-language resources such as MESD, EMOVOME, and
MASIVE demonstrate how culturally grounded corpora can mitigate affective flattening.

At the same time, generative Al platforms such as ChatGPT are emerging as practical tools for marketers,
allowing them to test slogans across languages, simulate tone, and refine phrasing iteratively. Custom GPTs
extend this potential by integrating glossaries, tone guidelines, intercultural rules, and accessibility audits. For
example, terms such as "rico" can be locked to "enriching" rather than "rich," and "calor" to "warmth" rather than
"heat." Beyond accuracy, such systems can flag ambiguous terms, suggest alternative phrasing, and align with
ADA Title I and WCAG 2.2 accessibility standards, which are critical for travelers who use assistive technologies
or multilingual platforms.

By connecting affective computing with practical Al tools, this study moves the literature from critique to
solution. It reframes MT not only as a risk to cultural fidelity but also as an opportunity to co-create inclusive,
tone-sensitive tools that reflect brand identity and ethical responsibility.
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3. Materials and Methods
3.1 Corpus Construction

This pilot study used a corpus of 40 tourism slogans compiled from official tourism boards across Latin
America and the Caribbean. Selection criteria prioritized brevity (fewer than 120 characters), affective and cultural
richness (e.g., idioms, metaphors, and emotional appeals), and geographic diversity across the Caribbean, Central
America, and South America. Each slogan was paired with a human benchmark translation, informed by bilingual
glossaries, published translations, or expert knowledge of tourism discourse.

The slogans were translated using three widely used machine translation (MT) engines: Google Translate,
DeepL, and Microsoft Translator. Each output was recorded alongside the human benchmark translation. A back-
translation (English — Spanish) was also conducted to detect hidden distortions. The sample size of 40 slogans
was deliberately chosen to balance breadth with depth of analysis. Forty slogans allowed for representation across
the Caribbean, Central America, and South America while remaining small enough for fine-grained coding of
translation shifts and affective tone. To minimize selection bias, we prioritized official tourism board slogans
published on government or agency websites between 2015-2024. Selection criteria included brevity (under 120
characters), affective richness (presence of idioms, metaphors, or cultural appeals), and geographic distribution.
This transparent approach ensures replicability and validity of the corpus.

Data used in the Latin American & Caribbean Tourism Slogans Corpus (40)

1.  Colombia es pasion — Colombia is passion (benchmark: Colombia, full of passion)

2. Peru, el pais mas rico del mundo — Peru, the richest country in the world (benchmark: Peru, the

world's most enriching country)

Uruguay Natural — Uruguay Natural (benchmark: Uruguay, naturally authentic)

Dominica, la naturaleza de la naturaleza — Dominica, the nature of nature (benchmark: Dominica,

nature's essence)

Bolivia te espera — Bolivia awaits you

México, vivelo para creerlo — Mexico, experience it to believe it

Curacao, siente el calor — Curagao, feel the heat (benchmark: Curagao, feel the warmth)

Republica Dominicana lo tiene todo — Dominican Republic has it all

Costa Rica, sin ingredientes artificiales — Costa Rica, no artificial ingredients (benchmark: Costa

Rica, 100% natural)

10. Ecuador ama la vida — Ecuador loves life (benchmark: Ecuador, love life)

11. Chile, naturaleza que enamora — Chile, nature that makes you fall in love (benchmark: Chile,
nature that inspires love)

12. Panama, vive por mas — Panama, live for more (benchmark: Panama, live fully)

13.  Argentina late con vos — Argentina beats with you (benchmark: Argentina beats with your heart)

14. Venezuela, tu destino natural — Venezuela, your natural destination

15. El Salvador, impresionante — El Salvador, impressive (benchmark: El Salvador, simply
impressive)

16. Guatemala, corazén del mundo maya — Guatemala, heart of the Mayan world

17. Honduras, mas que un paraiso — Honduras, more than a paradise

18. Nicaragua, unica... original — Nicaragua, unique... original

19. Puerto Rico lo hace mejor — Puerto Rico does it better (benchmark: Puerto Rico does it best)

20. Jamaica, siente el ritmo — Jamaica, feel the rhythm (benchmark: Jamaica, feel the thythm).

21. Belice, donde comienza la aventura — Belize, where adventure begins (benchmark: Belize,
where adventure begins

22. Barbados, el ritmo del Caribe — Barbados, the rhythm of the Caribbean

23. Cuba, auténtica — Cuba, authentic (benchmark: Authentic Cuba)

24. Haiti, experiencia iinica — Haiti, unique experience

25. Colombia, realismo magico — Colombia, magical realism

26. México es tuyo — Mexico is yours

27. Paraguay, tenés que sentirlo — Paraguay, you have to feel it

28. Brasil, sensacional — Brazil, sensational

29. Chile, donde lo imposible es posible — Chile, where the impossible is possible

30. Ecuador, ama la vida — Ecuador, love life (repeat reference in analysis)

31. Peru, vive la leyenda — Peru, live the legend

32. Panama, puente del mundo, corazén del universo — Panama, bridge of the world, heart of the
universe

33. Argentina, pasiéon en todo — Argentina, passion in everything
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34. Repiublica Dominicana, alegria en cada momento — Dominican Republic, joy in every moment

35. Venezuela, conoce lo tuyo — Venezuela, discover what's yours

36. Costa Rica, pura vida — Costa Rica, pure life (benchmark: Costa Rica, jpura vida!)

37. Cuba, un destino auténtico — Cuba, an authentic destination

38. Puerto Rico, la isla del encanto — Puerto Rico, the island of enchantment

39. Colombia, el riesgo es que te quieras quedar — Colombia, the only risk is wanting to stay
(benchmark: Colombia, the only risk is wanting to stay)

40. Panama se queda en ti — Panama stays with you (benchmark: Panama stays with you)

Complete Corpus with scoring

3.2 Machine Translation Systems

Three widely used machine translation (MT) engines were selected: Google Translate, included for its
ubiquity and widespread adoption among travelers; DeepL, chosen for its reputation for fluency and contextual
phrasing; and Microsoft Translator, selected for its integration with the Microsoft Azure ecosystem and its broad
enterprise and consumer reach.

Each slogan was translated from Spanish into English, and the raw outputs were recorded. To preserve
authenticity, no post-editing was applied. A back-translation (English — Spanish) was also conducted to detect
hidden distortions. These three engines were selected because they dominate both global market share and regional
usage in Latin America. Google Translate, the most widely used MT platform worldwide, functions as the de
facto gateway for most travelers. DeepL has gained recognition for its fluency-driven neural architecture,
particularly in European and, increasingly, Latin American contexts. Microsoft Translator was included due to its
integration with Azure and Office 365, which many tourism agencies use. Other engines (e.g., Yandex, Baidu, or
PROMT) were excluded due to low adoption in the Americas and limited availability of Spanish-English pairs.
This focus increases the study's ecological validity by mirroring what international travelers are most likely to
use.

3.3 Analytical Framework

Two complementary tools guided the analysis:
e  Baker's shift taxonomy (1992) was used to tag and score semantic deviations, including level,
category, structure, unit, and intra-system shifts.
e  Effective Impact Score (EIS), a five-point ordinal scale developed for this pilot, measured clarity,
emotional tone, brand voice, safety, and legal resonance.

The Effective Impact Score (EIS) was validated in three ways. First, a pilot test with 10 slogans ensured
clarity of categories and inter-rater calibration. Second, results were compared with established translation-quality
rubrics, such as Nida's dynamic equivalence and House's pragmatic quality markers, to confirm construct validity.
Third, two independent raters applied the scale to all 40 slogans, with Cohen's k exceeding 0.80. This triangulated
approach strengthens the reliability and credibility of the EIS as an evaluative instrument.

EIS definitions were as follows:

5 = Excellent: clear, natural, emotionally faithful.

4 = Good: minor flattening but persuasive tone preserved.

3 = Moderate: intelligible meaning but weakened or ambiguous tone.
2 = Poor: awkward, misleading, or off-putting.

1 = Very poor: grotesquely literal, confusing, or unsafe.

Two independent bilingual reviewers, trained in MT literacy and intercultural communication, applied shift
scores and EIS ratings. Disagreements were discussed and resolved by consensus. Inter-rater reliability exceeded
k = 0.80, suggesting substantial agreement.

3.4 Error Tagging

To capture practical risks, each slogan was coded into one of five categories: Tone Flattening, when
emotional resonance was lost; Awkward Literalism, when the translation was grammatically correct but unnatural;
Cultural Loss, when an idiom or metaphor was erased; Potentially Misleading, when the translation risked
misinterpretation of safety, culture, or identity; and High Fidelity, when the translation preserved the intended
impact. Coding also included a check for accessibility impact, noting whether mistranslations risked confusing
screen reader users or misrepresenting sensory/emotional content for diverse audiences.


https://docs.google.com/spreadsheets/d/1nGRZ4XPmWFkb_0_gEokq4ELIWKfsKAvp/edit?usp=sharing&ouid=100594194918722971501&rtpof=true&sd=true
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3.5 Statistical Review

Figure 1 provides a statistical overview of the coding results across the 40 translated slogans. The
distribution shows that just over half of the translations were coded as High Fidelity, indicating that many
outputs preserved the intended impact of the original slogans. However, the remaining categories reveal
meaningful translation risks, particularly Tone Flattening, which accounted for one quarter of the corpus.
Smaller proportions of Lexical Drift, Cultural Loss, Awkward Literalism, and other minor shifts further suggest
that even when machine translation outputs are understandable, they may still alter emotional resonance,
cultural meaning, or rhetorical effect.

Error Categories (Percentage of Corpus)

X . Awkward Literalism
Lexical Drift Cultural Loss

Other minor shifts

Tone Flattening

52.5%

High Fidelity

Figure 1. Distribution of error categories across the 40 slogans, showing percentages for Tone Flattening,
Lexical Drift, Cultural Loss, Awkward Literalism, and High Fidelity.

SPSS was used for descriptive statistics, chi-square tests, correlations, and exploratory regression analyses
to examine the links between translation shifts and impact scores. Analyses focused on:
e  Frequencies of error types across the 40 slogans.
e  Correlations between Total Shift Score and Impact Score (Spearman's rho).
e  Chi-square tests linking error categories to impact ratings.
e  Exploratory regression models identifying which errors most strongly predicted reduced impact.

Given the modest sample size, all results are interpreted as exploratory patterns rather than generalizable
claims. Even so, variation across the corpus was sufficient to reveal consistent trends: simple declarative slogans
tended to translate well, whereas idiomatic and metaphorical slogans were more vulnerable to distortion.

3.6 Ethical Considerations

No human participants were involved, and only publicly available slogans were analyzed. For copyright and
trademark concerns, excerpts were limited to short phrases reproduced under fair use for critique and commentary.
Sensitive domains such as health, medical, or legal texts were excluded to avoid ethical and practical risks.

4. Results
4.1 Overall Patterns

Of the 40 slogans analyzed, 21 (52.5%) achieved high fidelity (EIS = 4-5), while 19 (47.5%) showed
degradation of meaning or tone. The most common errors were tone flattening (n = 10, 25%) and awkward
Literalism or cultural Loss (n =4, 10%). Several slogans also suffered from lexical drift, in which key words such
as "rico" or "calor" shifted in meaning in ways that risked misinterpretation. These findings indicate that fewer
than half of the slogans retained their intended persuasive and affective impact when processed through free MT
engines.


Luis Camacho
The figure must be introduced
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4.2 Error Categories

Table 1 summarizes the distribution of error categories identified across the 40 translated slogans. The table
reports both the frequency and percentage for each category, showing that High Fidelity was the most common
outcome, with 19 slogans, or 47.5% of the corpus, preserving the intended impact. Tone Flattening was the most
frequent error category, accounting for 10 slogans, or 25.0%. The remaining categories occurred less often, with
Lexical Drift, Cultural Loss, Awkward Literalism, and Other minor shifts together indicating that a smaller but
still important portion of the corpus contained shifts in meaning, cultural resonance, or natural phrasing.

Table 1. Distribution of error categories across the 40 slogans. Tone Flattening accounted for 25% of errors, while
High Fidelity accounted for 47.5%.

Table 1. Distribution of Error Categories Across 40 Slogans

Error Category Frequency Percentage
High Fidelity 19 47.5%
Tone Flattening 10 25.0%

Cultural Loss 2 5.0%
Awkward Literalism 2 5.0%
Lexical Drift 3 7.5%
Other minor shifts 4 10.0%

Error tagging revealed five recurring risks. Tone flattening was the most common error, occurring in 10
cases (25%), in which the translation reduced the emotional intensity of the original slogan. For example,
Colombia es pasion became “Colombia is passion,” a lexically accurate but emotionally flat rendering (EIS = 3).
Lexical drift occurred in three cases (7.5%) and involved misleading changes in connotation. For instance, Peru,
el pais mas rico del mundo was translated as “Peru, the richest country in the world,” emphasizing financial wealth
rather than cultural richness (EIS = 3). Cultural loss appeared in two cases (5%), when idioms or layered meanings
were erased; for example, Uruguay Natural was carried over literally without conveying its eco-tourism branding.
Awkward literalism also occurred in two cases (5%) and produced grammatically correct but tonally unnatural
phrasing, as in Dominica, la naturaleza de la naturaleza, translated as “Dominica, the nature of nature.” By
contrast, 19 translations (47.5%) demonstrated high fidelity, preserving both clarity and persuasive impact, as in
Bolivia te espera, rendered as “Bolivia awaits you.”

4.3 Engine Performance

Table 2 compares the performance of the three machine translation engines by showing how often each
produced the highest-rated translation across the 40 slogans. DeepL achieved the strongest overall performance,
receiving the highest rating for all 40 slogans, while Google and Microsoft produced the highest-rated output in
21 and 20 cases, respectively. Because more than one engine could receive the same top rating for a slogan, the
totals exceed 40.

Table 2. Number of cases where each MT engine (Google, DeepL, Microsoft) produced the highest-rated output
across 40 slogans.

Machine translation engine Number of wins Percentage of slogans
DeepL 40 100.0%

Google Translate 21 52.5%

Microsoft Translator 20 50.0%

Performance varied by engine. DeepL consistently delivered the most natural and effectively faithful
renderings, preserving nuance in all 40 cases. Google Translate performed best in 21 slogans (52.5%), while
Microsoft Translator performed best in 20 slogans (50%). Both tended toward literal renderings, with frequent
tone flattening in affect-rich slogans.
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4.4 Statistical Insights

Exploratory statistical analysis suggested several trends. Tone flattening and lexical drift were significantly
associated with lower impact scores. High-fidelity translations were strongly correlated with simple declarative
slogans, whereas idiomatic and metaphorical slogans were more vulnerable to distortion. DeepL’s stronger
performance also suggests that fluency-driven architectures may be better equipped to preserve tone than more
literal approaches.

4.5 Hlustrative Scenarios

The examples illustrate the range of translation outcomes. The high-fidelity rendering of Bolivia te espera
as “Bolivia awaits you” preserved the slogan’s meaning and persuasive effect (EIS = 5). By contrast, translating
Colombia es pasion as “Colombia is passion” flattened the emotional tone (EIS = 3), while rendering Pert, el pais
mas rico del mundo as “Peru, the richest country in the world” introduced lexical drift by suggesting financial
rather than cultural wealth (EIS = 3). The untranslated phrase Uruguay Natural resulted in cultural loss because
its eco-tourism associations were not conveyed (EIS = 4). Finally, the translation of Dominica, la naturaleza de la
naturaleza as ‘“Dominica, the nature of nature” demonstrated awkward literalism, preserving the words but
producing an unnatural English slogan (EIS = 3).Together, these examples highlight systematic weaknesses in
MT. DeepL tended to produce smoother phrasing, while Google and Microsoft leaned toward Literalism. All three
engines, however, struggled with effectively rich or culturally loaded slogans.

4.6 Accessibility Implications

Mistranslations also raise accessibility concerns. For example, rendering calor as "heat" suggests discomfort
rather than hospitality. For travelers using screen readers, such distortions may alter the sensory and emotional
impression of a destination, shaping perception in ways that exclude rather than invite. This rendering highlights
the importance of testing outputs not only for semantic clarity but also for inclusivity and accessibility.

4.7 Summary

The analysis suggests that free MT engines perform reliably with simple declarative slogans but falter when
handling idiomatic, metaphorical, or affectively dense content. Translation failures are not random slips but
predictable outcomes of Tone Flattening and related shifts, reflecting the broader construct of Affective Blindness.
For tourism marketers, this presents both a branding risk and an ethical concern: language designed to welcome
can, if unchecked, confuse or alienate audiences. At the same time, the findings open space for alternatives. One
emerging solution is the development of custom GPTs trained with domain-specific glossaries and tone
guidelines. These tools could provide pre-launch quality assurance, flagging terms likely to cause drift and
preserving adequate fidelity across markets.

4.8 Additional Analysis

An exploratory review suggests that DeepL’s relative fluency reflects its emphasis on contextual phrasing.
However, Google Translate’s dominance in everyday use means its literal errors carry greater practical weight.
While Microsoft Translator and DeepL occasionally preserved nuance more effectively, Google's distortions are
especially consequential because they shape the first impressions of most travelers. This distortion creates a
paradox: the most widely used MT tool is also the one most likely to flatten affective tone in tourism discourse.

4.9 Limitations

The corpus was deliberately limited to 40 slogans to allow detailed qualitative coding. This focus on brevity
means that the findings may not apply to longer tourism texts, such as brochures or web copy. Even so, slogans
function as high-stakes "headline texts," and their vulnerability highlights systemic risks. Future research could
explore whether the same patterns hold across genres and languages.

4.10 Custom GPT Comparison (Illustrative Case)

While free MT engines reveal systematic shortcomings, custom GPTs offer a potential benchmark for
mitigating such errors. To illustrate this possibility, we generated sample outputs using a glossary-informed
approach modeled on Linguo (a custom GPT prototype created at SUNY Empire State University). Three slogans
were selected where free MT produced notable distortions: Curagao, "siente el calor"; Peru, "el pais mas rico del
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mundo"; and Uruguay Natural. Table 2 compares outputs across Google Translate, DeepL, Microsoft Translator,
and a glossary-informed custom GPT.

Table 3. Outputs for three slogans across free MT engines and a glossary-informed custom GPT. The custom GPT

consistently aligned with cultural meaning and brand tone, mitigating tone flattening and lexical drift.

Spanish Google DeepLL Microsoft Custom GPT  Notes
slogan Translate Translator (glossary-
informed)
Curagao, Feel the heat  Feel the heat Feel the heat Feel the Custom GPT preserves
siente el warmth the hospitality tone;
calor “heat” may connote
discomfort.
Peru, el pais  The richest The richest ~ The richest The world’s Custom GPT conveys
mads rico del  country in the country in country in the = most enriching cultural richness while
mundo world the world world country avoiding a financial
interpretation.
Uruguay Uruguay Uruguay Uruguay Uruguay, Custom GPT adds
Natural Natural Natural Natural naturally idiomatic nuance and
authentic reinforces the eco-

tourism branding.

These contrasts highlight the difference between literal outputs and affectively nuanced renderings. Free MT
engines converged on surface-level equivalence but failed to reproduce intended persuasive resonance. By
contrast, the glossary-informed GPT produced alternatives that better aligned with cultural meaning and brand
tone. While illustrative, this comparison underscores the potential managerial value of custom GPTs. Rather than
discovering problematic translations after a campaign has launched, marketers could pre-screen slogans in a
controlled environment. Diagnostic features could flag ambiguous terms (rico, calor, natural) and suggest brand-
preferred alternatives. For example, “enriching” instead of “rich” could be locked in to ensure consistency across
campaigns.

This exercise also points to a broader methodological contribution. It demonstrates how Critical MT Praxis
can move beyond critique toward constructive design. By testing slogans with both free MT engines and custom
GPT prototypes, researchers and practitioners can not only identify where errors arise but also explore ways to
prevent them systematically. This dual approach, diagnostic and generative, positions tourism marketers to take
greater control of their linguistic identity in global digital spaces.

5. Conclusions

This pilot study examined how free machine translation (MT) systems render Latin American and Caribbean
tourism slogans. Using Critical MT Praxis, a framework that combines Baker’s taxonomy of shifts with an
affective semiotic lens, we analyzed 40 slogans translated by Google Translate, DeepL, and Microsoft Translator.
Results showed that just over half of the translations (52.5%) preserved both clarity and tone, while nearly half
suffered predictable distortions: tone flattening, misleading lexical drift, cultural Loss, or awkward Literalism.
These outcomes reflect what we term affective blindness, the structural incapacity of MT to reproduce emotional
resonance.

Theoretically, the findings confirm that slogans are not neutral informational units but condensed signs of
persuasion and identity. Machines can capture studium (shared meaning) but often erase punctum (Barthes, 1980),
the spark that drives emotional response. Without intercultural communicative competence (ICC), MT cannot
adapt to idioms, registers, or cultural cues as human translators naturally do.
Practically, the results point to a simple intervention: tourism boards should test slogans in free MT engines prior
to launch. If outputs appear flat, misleading, or awkward, revision is warranted. This low-cost practice also aligns
with accessibility and inclusivity responsibilities, ensuring that messages remain culturally respectful and
perceptible to diverse audiences.

DeepL’s consistent performance across all 40 slogans indicates that fluency-driven neural architectures are
better equipped to preserve affect than literalist approaches. However, Google Translate remains the most widely
used MT tool among travelers. Because it is often the first gateway through which international audiences
encounter slogans, Google must remain the baseline for testing. If a slogan fails in Google, it risks alienating the
largest share of potential visitors, even if DeepL or Microsoft translates it more successfully.
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Mistranslations also carry accessibility risks. Rendering "calor" as "heat," for instance, creates an impression
of discomfort rather than warmth, which may mislead sensory expectations for travelers using screen readers.
Errors such as lexical drift (rico — "rich" instead of "enriching") risk misleading visitors about a nation's identity,
shifting the focus from cultural richness to financial wealth. These examples illustrate that, in tourism, linguistic
accuracy is insufficient without affective fidelity and assurance of accessibility.

At stake is more than accuracy. Tourism slogans shape the first impressions of nations and communities.
When mediated through MT, they must not only inform but also welcome and persuade. Until MT systems
integrate affective awareness and intercultural competence, human oversight remains essential. Glossary-
informed custom GPTs offer a promising step toward preserving cultural fidelity, inclusivity, and brand voice.

Looking ahead, the implications extend beyond the tourism sector. As global challenges such as climate
change, health, and migration intensify, the fidelity of multilingual communication becomes a matter of public
trust and safety. Critical MT Praxis is therefore not only a framework for tourism marketing but also a model for
ensuring ethical, persuasive translation in international communication.

5.1 Managerial Implications

Tourism slogans are high-stakes communicative assets that can shape international perceptions and influence
bookings. Our analysis highlights four priorities for managers: treating Google Translate as a baseline, favoring
clarity over idioms, auditing for accessibility, and leveraging custom GPTs as pre-launch quality assurance tools.
Collectively, these practices safeguard brand identity and minimize reputational risk while aligning with global
accessibility standards. Economic stakes are significant. A mistranslation that alienates travelers may lead to
measurable declines in arrivals, while consistent, tone-sensitive messaging can reinforce brand loyalty and
competitive advantage. Even small investments in glossary development or GPT fine-tuning (e.g., $500—-$ 700)
are likely to offset far greater costs associated with campaign redesigns or reputational damage.

5.2 Theoretical Implications

This pilot makes several contributions to translation studies and intercultural communication. First, it adapts
Baker’s (1992) taxonomy, traditionally applied to literary and technical texts, to the analysis of tourism slogans,
showing that even brief texts can contain consequential shifts in meaning. Second, it extends the concept of
affective blindness by demonstrating that flattened tone, lexical drift, and awkward literalism can carry measurable
commercial and reputational consequences. Third, it reinforces the importance of intercultural communicative
competence: human translators outperform machines not primarily through greater lexical accuracy, but through
pragmatic sensitivity to idioms, register, and metaphor, which helps preserve persuasive force. This finding echoes
theories of pragmatic failure developed by Hatim and Mason (1997). The study also advances a critical machine
translation praxis by integrating structural, affective, and intercultural dimensions into a framework that can
function as both a scholarly tool and a practitioner workflow. Finally, it addresses epistemic justice by showing
how free machine translation engines can impose dominant linguistic frames that erase cultural nuance. As Spivak
(1993) warned, mistranslation can enact epistemic violence; glossary-informed custom GPTs may offer a partial
corrective by restoring greater local agency over cultural self-representation.

5.3 Semiotics and Intercultural Competence

Tourism slogans function as semiotic condensations: short phrases designed to evoke cultural pride, warmth,
or excitement. Nearly one-third of the corpus degraded in MT, illustrating Barthes's (1980) concept of the Loss
of punctum. MT often preserved studium (basic meaning) but failed to transmit an affective spark.

Peirce’s triadic model helps explain this gap. Meaning depends on the inferpretant, the cultural bridge that
makes signs resonate with us. MT, operating on statistical prediction, cannot provide this interpretive layer. The
result is communicative flattening: messages designed to inspire awe or hospitality lose persuasive force.

ICC further explains these failures. In our corpus, engines oscillated between Literalism (e.g., la naturaleza
de la naturaleza — ““the nature of nature”) and tone drift (siente el calor — “feel the heat” rather than “feel the
warmth”). Both outcomes read as odd, rude, or uninviting. Such mismatches exemplify Hatim and Mason’s (1997)
concept of pragmatic failure. For marketers, this is not a stylistic quirk but a risk to brand voice and audience trust.

5.4 Ethical and Accessibility Dimensions

Translation errors in tourism marketing raise both ethical and accessibility concerns. Misrenderings, such as
"Uruguay Natural" or "Peru, el pais mds rico del mundo," alter how nations are perceived, enacting an epistemic
erasure of cultural nuance.
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Accessibility adds urgency. Travelers using MT or screen readers may encounter distorted outputs that
reshape sensory impressions; for example, “feel the heat” suggests discomfort rather than hospitality. Poor MT
can also miscue safety information or distort environmental cues. Tourism boards should therefore treat MT
fidelity as part of their accessibility obligations, not merely as a marketing consideration.

5.5 Toward Emotionally Competent MT

Present-day MT systems remain unable to capture undertone, irony, or cultural resonance, the very qualities
that make slogans persuasive. Advances in affective computing (Picard, 1997) suggest that multimodal models
may one day recognize tone, rhythm, or gesture; however, current sentiment analysis tools remain coarse.

Custom GPTs offer a promising intermediate step. By embedding glossaries, tone rules, and accessibility
checks, they operationalize Critical MT Praxis. They can standardize ambiguous terms (rico — “enriching,” calor
— “warmth”), flag at-risk outputs, and align translations with intercultural guidance. Even so, human oversight
is indispensable. Machines cannot replicate ICC, which depends on empathy and adaptability. The path forward
is hybrid: integrating affect-aware technologies with human cultural intelligence.

5.6 Limitations

As a pilot study, this analysis examined a corpus of 40 slogans. While sufficient to reveal consistent patterns,
the modest sample size limits generalizability. Findings show that fewer than half (47.5%) of the slogans achieved
high-fidelity translation, with the remainder exhibiting tone flattening, lexical drift, or cultural Loss. This narrower
distribution of fidelity should be interpreted with caution, as the results may not apply to longer tourism texts,
such as brochures or web copy. Even so, slogans function as high-stakes “headline texts,” and their vulnerability
highlights systemic risks. Future research should expand corpus size, diversify genres, and test glossary-informed
GPTs in live campaigns.

5.7 Summary

This study shows that MT errors in tourism slogans are not random but patterned and consequential. They
appear most clearly in affectively dense phrases, where cultural resonance and emotional tone matter as much as
lexical accuracy. Critical MT Praxis offers a pragmatic framework for diagnosing shifts, assessing their impact,
and testing outputs before release.

Framed this way, MT is no longer a neutral convenience but a communicative risk factor. Tourism boards,
developers, and educators share responsibility for integrating testing, building accessible and culturally respectful
outputs, and exploring tools that balance machine efficiency with human cultural intelligence.

5.8 Closing Synthesis

This pilot study demonstrates that while free machine translation (MT) systems often replicate the clarity of
Latin American tourism slogans, they frequently fail to preserve their affective resonance. Just over half (52.5%)
of translations achieved high fidelity, while nearly half (47.5%) suffered predictable distortions, reflecting
structural Affective Blindness. These patterns reinforce that slogans are not neutral informational units but
condensed signs of persuasion and cultural identity.

The contribution of Critical MT Praxis lies in bridging structural, affective, and intercultural perspectives.
For scholars, the framework demonstrates how short-form marketing texts magnify the stakes of translation shifts.
For practitioners, the study provides a replicable workflow: test slogans in free MT engines, revise brand-critical
terms, and audit for accessibility before release.

At stake is more than accuracy. Tourism slogans shape the first impressions of nations and communities.
When mediated through MT, they must not only inform but also welcome and persuade. Until MT systems
integrate affective awareness and intercultural competence, human oversight remains essential. Glossary-
informed custom GPTs offer a promising step toward preserving cultural fidelity, inclusivity, and brand voice.

Looking ahead, the implications extend beyond the tourism sector. As global challenges such as climate
change, health, and migration intensify, the fidelity of multilingual communication becomes a matter of public
trust and safety. Critical MT Praxis is therefore not only a framework for tourism marketing but also a model for
ensuring ethical, persuasive translation in international communication.
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6. Recommendations

Translation is a core element of brand management. Based on this pilot study of 40 slogans, we recommend
that tourism boards, educators, and MT developers treat slogan testing as a standard pre-launch control. Each
slogan should be translated through Google Translate, DeepL, and Microsoft Translator before release. If outputs
appear flat, misleading, or awkward, the source text should be revised and retested. This simple, low-cost practice
can prevent reputational harm.

e  Prioritize Google Translate. Because it is the most widely used MT tool (Klimova, 2025), Google
should serve as the baseline. If a slogan fails in Google, it risks confusing the largest share of
visitors,even when it performs better in translation tools like DeepL or Microsoft.

e  Favor clarity over idioms. Short, direct slogans translate more reliably than idiomatic or culture-
bound expressions. Brand-critical terms such as rico, natural, or auténtico should be locked in a
micro-glossary.

e  Audit for accessibility. Outputs should be tested with screen readers to ensure that sensory cues
(calor — “warmth”) and safety-related terms are preserved. Aligning with ADA Title Il and WCAG
2.2 is both an ethical and strategic imperative.

6.1 Economic Stakes and Risk Management

Mistranslations can reduce bookings, shorten page visits, and increase site abandonment. To manage these
risks, campaigns should use a simple matrix that evaluates the likelihood of translation problems based on the
presence of idioms, metaphors, or culturally specific references; the potential impact, including tone loss,
misleading promises, cultural dilution, or safety confusion; and appropriate mitigation strategies, such as
simplifying the text, substituting glossary-approved terms, or conducting an intercultural communicative
competence review. After launch, key performance indicators such as bounce rate, time on page, and click-through
rate should be monitored closely. When slogans underperform in markets that rely on machine translation,
affective distortion should be investigated as a possible cause.

6.2 For Academics and Educators

MT can also serve as a pedagogical tool to build students’ critical literacy. Instructors can assign students to
run authentic slogans through MT engines, diagnose shifts using Baker’s taxonomy, and revise outputs with
attention to tone and inclusivity. Exercises such as translating ;Ni una menos!,where MT flattens sociopolitical
resonance into “Not one less” help learners see how affective blindness operates. Using Critical MT Praxis in
classrooms develops intercultural competence alongside translation literacy.

6.3 For MT Developers

Developers can reduce errors in affect-rich texts by training systems on affect-tagged corpora, such as
EmoBank, GoEmotions, MESD, and EMOVOME. They can also provide tone and formality controls that allow
users to request warm, neutral, or formal phrasing. Expanding cultural knowledge bases with idiom dictionaries
and glossaries for high-risk terms would further improve contextual accuracy. In addition, systems should flag
expressions whose emotional meaning may not transfer directly, as when con el alma en vilo is rendered literally
as “with the soul in suspense” rather than with a more idiomatic alternative such as “on tenterhooks.”

6.4 Shared Responsibility

Affective fidelity is a shared obligation. Developers must design tone-aware systems, educators must
incorporate MT literacy into classrooms, and tourism boards must test slogans before release. Failures cannot be
attributed solely to technology; accountability must be distributed among stakeholders.

6.5 Custom GPTs and AI Tools

Custom GPTs represent a proactive strategy rather than a reactive solution. In addition to incorporating
glossaries, these systems should be evaluated using measurable key performance indicators. Relevant measures
include the fidelity rate, defined as the proportion of slogans that pass glossary and tone checks; the tone-audit
pass rate, which assesses whether the original affect has been preserved; the accessibility compliance score, based
on alignment with WCAG 2.2; and a cost-avoidance metric that estimates savings achieved by preventing later
revisions or redesigns.
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