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Abstract
Emerging technologies are reshaping how mathematics is taught and learned, offering tools that make abstract ideas visible, responsive, and connected to the wider world. This review examines the innovations that are changing mathematics classrooms, the challenges that stand in the way of their meaningful use, and the directions the field is likely to take. Drawing on a structured search of the peer-reviewed literature published between 2000 and 2024, it examines dynamic mathematics software and virtual manipulatives, artificial intelligence and adaptive tutoring, immersive virtual and augmented reality, online and mobile learning, game-based approaches, computational thinking, and learning analytics. It uses established frameworks for technology integration, namely technological pedagogical content knowledge, the substitution to redefinition hierarchy, and instrumental genesis, to distinguish genuine pedagogical change from surface-level adoption. It then considers the obstacles that limit impact, among them unequal access, gaps in teacher preparation, the tendency to use powerful tools for routine purposes, questions of equity, and the ethical concerns raised by data-driven and artificial intelligence systems. The discussion gives particular attention to resource-constrained settings, where the promise and the difficulty of technology integration are both most acute. The review argues that the value of any technology in mathematics education rests not on the tool itself but on the pedagogical and cultural judgement with which it is used, and it identifies culturally responsive, teacher-led, and ethically grounded integration as the most promising path forward.
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1. Introduction
Mathematics has always depended on tools, from the abacus and the ruler to the printed table and the electronic calculator, and each new tool has changed both what learners can do and what teachers can ask of them. The current wave of digital technology, however, differs from earlier tools in its reach and its pace. Software that once ran on a single laboratory computer now runs on a telephone in a learner's pocket, systems that once followed fixed scripts now adapt to the individual, and the network that connects them makes it possible to learn mathematics at a distance, in groups, and at any hour. These developments have raised expectations that technology will make mathematics more accessible, more visual, and more engaging, and they have prompted governments and institutions to invest heavily in devices, platforms, and connectivity.
Enthusiasm alone, however, has never been enough to change how mathematics is learned. A long line of research shows that placing technology in classrooms does not by itself improve learning, and that the outcome depends on how the technology is used, by whom, and for what purpose (Bray & Tangney, 2017; Drijvers, 2015). The same tool can support rich mathematical reasoning in one classroom and reduce to a mechanical exercise in another. As new technologies such as artificial intelligence, immersive reality, and learning analytics enter the field, the old question returns in a sharper form, namely how these tools can be integrated in ways that deepen mathematical understanding rather than merely dressing familiar practice in new clothing.
This article is a narrative review with a structured search strategy. It reviews the innovations now reshaping mathematics education, the challenges that limit their impact, and the directions in which the field appears to be moving. It attends throughout to the situation of resource-constrained settings, where technology is often presented as a route to leapfrog long-standing difficulties but where the conditions for meaningful integration are hardest to secure. Three questions guide the review. First, which emerging technologies are reshaping mathematics teaching and learning, and what does the evidence say about their contribution? Second, what challenges limit their meaningful integration, particularly in settings with constrained resources? Third, what directions should research, policy, and practice take if these technologies are to serve mathematical understanding rather than displace it?
2. Review Approach
This review is narrative rather than systematic, since its purpose is to synthesise a broad and heterogeneous body of work across several technologies rather than to answer a single narrowly specified question. The search was nonetheless structured, so that the basis of selection is transparent. Literature was identified through Scopus, Web of Science, ERIC, and Google Scholar for the period 2000 to 2024, combining terms for mathematics education with terms for each technology reviewed, among them dynamic geometry, virtual manipulatives, intelligent tutoring, adaptive learning, artificial intelligence, augmented and virtual reality, mobile and blended learning, game-based learning, computational thinking, and learning analytics, together with terms for integration, teacher knowledge, equity, and the digital divide. The reference lists of retrieved reviews and meta-analyses were also searched by hand.
Peer-reviewed empirical studies, systematic reviews, meta-analyses, and theoretical contributions addressing technology in mathematics teaching or learning were included where published in English, with foundational works predating 2000 retained where they remain the standard reference for a concept, as with Papert (1980). Work was excluded where technology was incidental, where the focus lay outside mathematics, or where the source was promotional rather than analytical, and priority was given to reviews and meta-analyses and to studies reporting on settings beyond high-income contexts. The synthesis is organised thematically, grouping technologies by the mathematical activity they support and challenges by the level at which they operate, with the frameworks in the following section used throughout as the lens against which claims about impact are weighed. The review does not claim exhaustive coverage, and its limitations are set out in the conclusion.
3. Frameworks for Understanding Technology Integration
To evaluate emerging technologies rather than simply to catalogue them, it helps to have a framework for what meaningful integration involves. Three related ideas have shaped the field. The first is the notion of technological pedagogical content knowledge, developed by Mishra and Koehler (2006), which holds that effective teaching with technology depends on the interaction of three forms of knowledge, namely knowledge of the subject, knowledge of teaching, and knowledge of technology, together with an understanding of how each shapes the others. On this view a teacher who knows a piece of software well but does not understand how it can be used to teach a particular mathematical idea will not integrate it effectively, and neither will a strong mathematician who treats the technology as a black box. The framework has become the dominant lens for teacher preparation in this area because it locates the difficulty not in the tool but in the specialised knowledge needed to use it well (Koehler & Mishra, 2009).
The second idea is the distinction between using technology to substitute for existing practice and using it to transform practice, expressed in models such as the substitution, augmentation, modification, and redefinition hierarchy (Puentedura, 2013). A graphing tool used only to produce the same plots that were once drawn by hand substitutes for the older method without changing the mathematics, whereas the same tool used to let learners investigate how a curve changes as its parameters vary opens an activity that would be impractical without it. The value of a technology lies less in its novelty than in whether it enables mathematical activity that was previously difficult or impossible. The third idea, drawn from the French tradition of instrumental genesis, is that a tool does not become a mathematical instrument automatically but through a process in which the learner develops schemes for using it, and in which the teacher orchestrates that development (Trouche, 2004). These frameworks share a common message. Technology is not neutral and its effect is not automatic, and the pedagogical and mathematical judgement of the teacher remains central even, and perhaps especially, as the tools become more powerful.
4. Innovations in Emerging Technologies for Mathematics Education
4.1 Dynamic Mathematics Software and Virtual Manipulatives
Among the most established of the digital innovations are dynamic geometry and dynamic mathematics environments, which allow learners to construct mathematical objects and then vary them continuously while relationships are preserved. Dragging a vertex of a triangle and watching the angle sum remain constant, or moving a point along a curve and watching a tangent respond, gives learners access to the general behind the particular in a way that static diagrams cannot. Software such as GeoGebra, which combines dynamic geometry with algebra, calculus, and statistics in a single free environment, has been widely adopted for this reason and has made these capabilities available even where commercial software is unaffordable (Hohenwarter & Fuchs, 2004). Closely related are virtual manipulatives, digital versions of the physical objects long used to make number and operation concrete, which research has associated with gains in understanding when they are well designed and purposefully used (Moyer-Packenham & Westenskow, 2013). The strength of these tools lies in making abstract structure visible and manipulable, which supports the movement between the visual and the formal that is central to mathematical thinking.
4.2 Artificial Intelligence, Intelligent Tutoring, and Adaptive Learning
Artificial intelligence has moved rapidly from the margins to the centre of discussion in education. Intelligent tutoring systems, which model a learner's knowledge and offer tailored problems and feedback, have been studied for many years and have shown positive effects on mathematics attainment, particularly when they free teachers to concentrate on learners who need more support (Heffernan & Heffernan, 2014; Roschelle et al., 2016). Adaptive learning platforms extend this idea by adjusting the sequence and difficulty of tasks to each learner in real time. More recently, generative artificial intelligence has raised the possibility of systems that can explain, question, and converse about mathematics in natural language, offering something closer to a personal tutor at scale (Holmes et al., 2019; Luckin et al., 2016). The promise is considerable, since individual attention has long been known to help and has long been scarce. The same capabilities, however, raise questions that the earlier tools did not, concerning the accuracy of machine-generated explanations, the risk that learners will accept answers without understanding, and the proper role of the teacher when a machine can appear to do much of the explaining. These questions are taken up in the discussion of challenges.
4.3 Immersive Technologies in Virtual and Augmented Reality
Immersive technologies offer a different kind of contribution, namely the ability to give spatial and abstract ideas a form that learners can move through and around. Augmented reality can place a three-dimensional solid on a learner's desk through the camera of a tablet, allowing its cross-sections and nets to be explored from every angle, while virtual reality can situate mathematical tasks in constructed environments that would be impossible or unsafe in a classroom. For topics with a strong spatial component, such as solid geometry, transformations, and the visualisation of functions of several variables, these technologies address a genuine difficulty, because the flat page and the flat screen have always struggled to convey three-dimensional relationships. The evidence base is younger and thinner than for dynamic software, and the cost of equipment remains a barrier, but the pedagogical rationale is clear where the mathematics is inherently spatial.
4.4 Online, Blended, and Mobile Learning
The network dimension of technology has reshaped where and how mathematics is learned. Online and blended models combine face-to-face teaching with digital resources and communication, and mobile devices have extended access to learners who have no computer but do have a telephone. The abrupt shift to remote teaching during the pandemic of 2020 accelerated this change and forced a large and involuntary experiment in teaching mathematics at a distance, the lessons of which are still being absorbed (Engelbrecht et al., 2020). That experience showed both the reach of online approaches and their limits, since mathematics teaching depends heavily on the observation of learners' reasoning and on immediate responsive interaction, which are harder to sustain through a screen. Blended models that combine the reach of the network with the responsiveness of the classroom have emerged as the more durable arrangement (Borba et al., 2016). For many learners in low-income settings the mobile telephone is the only realistic point of access, which makes mobile-first design a matter of equity rather than convenience.
4.5 Gamification and Game-Based Learning
Game-based approaches seek to draw on the motivation, persistence, and tolerance of failure that games can evoke, and to bring these to the practice of mathematics. A well-designed mathematical game can encourage learners to attempt many problems, to treat error as part of the process, and to persist through difficulty, all of which are valuable dispositions in mathematics. The distinction between genuine game-based learning, in which the mathematics is embedded in the play, and shallow gamification, in which points and badges are added to conventional exercises, is important, since the latter can motivate effort without deepening understanding. Where the game structure is aligned with the mathematical goal, the approach can support both engagement and learning, but the alignment is not guaranteed by the presence of game elements alone.
4.6 Computational Thinking, Coding, and Robotics
A further innovation reconnects mathematics with computing, a relationship that goes back to early work on learning through programming (Papert, 1980) and that has been renewed under the heading of computational thinking (Wing, 2006). When learners program, they must express mathematical ideas precisely, decompose problems, and reason about generality, and educational robotics gives these activities a tangible form that can be especially engaging for younger learners. Computational thinking is increasingly treated as a competence in its own right and is being written into curricula in many countries, and it offers mathematics education a way to make the subject active and constructive rather than receptive. The challenge is to keep the mathematics in view, since programming activities can drift towards technical detail that crowds out the mathematical reasoning they were meant to support.
4.7 Learning Analytics and Data-Driven Instruction
Digital learning generates data, and learning analytics seeks to turn that data into insight that can guide teaching. By tracking how learners move through tasks, which errors recur, and where progress stalls, analytics can give teachers a picture of their class that would be laborious to assemble by hand, and can flag learners who are falling behind before the difficulty becomes entrenched. Used well, this supports the timely and targeted response that good teaching has always aimed at. Used poorly, it risks reducing learning to what is easily measured and encouraging attention to metrics rather than understanding. As with the other innovations, the tool creates a possibility that pedagogy must direct.
5. Challenges in Integrating Emerging Technologies
5.1 Infrastructure and the Digital Divide
The most immediate obstacle in much of the world is that the basic conditions for using technology are not in place. Reliable electricity, affordable and stable internet connectivity, sufficient devices, and secure spaces to keep and maintain them cannot be assumed in many schools, and where they are absent the most promising software is of little use. The digital divide is not only a matter of access to devices but of the quality of that access and of the skills and support needed to use it, a point made in the wider literature on technology and social inclusion (Warschauer, 2003). In resource-constrained settings the divide operates at several levels at once, between countries, between urban and rural schools within a country, and between learners within a single classroom, and technology introduced without regard to these differences can widen the very gaps it was meant to close.
5.2 Teacher Preparation and Professional Development
Even where infrastructure exists, the decisive factor is the teacher, and teachers are frequently underprepared to integrate technology in ways that serve mathematical learning. The knowledge required is specialised, as the technological pedagogical content knowledge framework makes clear, and it is not acquired simply by being given a device or attending a one-off workshop (Mishra & Koehler, 2006). Research on the barriers to integration distinguishes between first-order barriers, which are external, such as lack of equipment and time, and second-order barriers, which are internal, such as teachers' beliefs about mathematics and about the role of technology in learning it (Ertmer, 1999; Ertmer & Ottenbreit-Leftwich, 2010). The second-order barriers are the harder to shift, because a teacher who believes that mathematics is best learned through repeated practice of procedures will use even the most open technology for procedural ends. Sustained, subject-specific professional development that addresses beliefs as well as skills is therefore essential, and its absence is a common reason for the disappointing return on technology investment.
5.3 Pedagogical Integration and the Risk of Superficial Use
A recurring finding is that powerful tools are often put to routine purposes. Dynamic software is used to display rather than to investigate, adaptive systems are used to deliver the same drill that a worksheet would provide, and online platforms are used to distribute notes rather than to enable new forms of mathematical activity. This is the substitution level of technology use, and while substitution is not without value, it does not realise the potential that justified the investment. The tendency towards superficial use is not a failing of particular teachers so much as a predictable result of introducing tools without the pedagogical rethinking that would let them transform practice. Meta-analytic evidence indicates that digital tools can enhance mathematics learning, but that the effect depends heavily on how the tools are used and on the support teachers receive, which confirms that the technology is a necessary but not a sufficient condition for improvement (Hillmayr et al., 2020).
5.4 Equity and Inclusion
Technology can promote inclusion, through assistive features, multiple representations, and flexible pacing that help learners with differing needs, but it can also entrench exclusion. When resources are unequally distributed, the learners who already have advantages tend to gain most from new technology, so that innovation intended to level differences instead amplifies them. Language is a further dimension, since most educational software is produced in a small number of dominant languages and may not serve learners who study mathematics in another tongue. Cultural relevance matters too, because tools designed around the examples and assumptions of one context may not connect with learners elsewhere. Attention to equity therefore has to be built into the design and deployment of technology rather than hoped for as a by-product.
5.5 Assessment and Academic Integrity
Emerging technologies unsettle established practices of assessment. When learners have access to software that can solve standard problems, and more recently to systems that can generate worked solutions and explanations on demand, the meaning of an unsupervised mathematics task changes, and assessment designed for a pre-digital era may no longer measure what it claims to. This has prompted a reconsideration of what is worth assessing, with greater emphasis on reasoning, justification, and the interpretation of results, which are harder to outsource to a machine, and less on the reproduction of procedures that machines perform reliably. The arrival of generative artificial intelligence has made this question urgent rather than theoretical, and the field has not yet settled on a stable response.
5.6 Ethics, Data Privacy, and Algorithmic Bias
Data-driven and artificial intelligence systems raise ethical questions that mathematics education has not previously had to face. These systems collect detailed information about learners, and the storage, ownership, and use of that information carry real risks to privacy, particularly for minors. Adaptive and predictive systems embody assumptions and are trained on data that may reflect existing inequalities, so that an algorithm can reproduce or magnify bias while appearing neutral and objective. There is also a broader concern that delegating explanation and feedback to machines may weaken the human relationships through which learning and motivation are sustained (Selwyn, 2016). These are not reasons to reject the technology, but they are reasons to adopt it with care, with transparency about how systems work, and with human oversight of the decisions that affect learners.
6. Future Directions
The trajectory of the field suggests several directions that deserve attention. The first is a shift of emphasis from the tool to the teacher. Because the evidence so consistently shows that impact depends on pedagogy, the most productive investment is likely to be in teachers' subject-specific capacity to integrate technology, through sustained professional development that engages their beliefs as well as their skills, and through teacher education that treats technological pedagogical content knowledge as a core rather than an optional competence. Technology that is designed to support teacher agency, rather than to bypass it, is more likely to be integrated in transforming ways.
A second direction concerns the responsible integration of artificial intelligence. Rather than positioning artificial intelligence as a replacement for the teacher, the more promising path treats it as a partner that handles routine feedback and frees human attention for the reasoning and relationship that machines cannot supply. Realising this will require attention to the accuracy of mathematical explanations produced by these systems, to the development of learners' ability to question and verify machine output, and to the ethical safeguards discussed above. Building learners' critical understanding of the tools they use, so that they treat a machine's answer as something to be examined rather than accepted, is itself becoming a mathematical and civic competence.
A third direction, of particular importance for the many contexts that the dominant literature underserves, is the development of culturally responsive and context-sensitive technology. There is a strong case for integrating emerging tools with the mathematical knowledge embedded in local cultural practice, an approach that connects the ethnomathematical tradition with digital innovation (D'Ambrosio, 2001). Dynamic software that models the geometry of local craft, or mobile activities built around familiar contexts and languages, can make technology a means of affirming learners' cultural knowledge rather than a channel for importing foreign examples. Designing for the mobile telephone as the primary device, and for intermittent connectivity rather than assumed abundance, would extend meaningful access to the learners most often left out. These are not concessions to scarcity but design principles that could benefit mathematics education more widely.
A fourth direction is methodological. The research base remains uneven, strong for some technologies and thin for others, concentrated in well-resourced settings, and often focused on short-term outcomes. The field would benefit from longer studies, from research conducted in the settings where most of the world's learners actually study, and from attention to how technologies work together rather than in isolation, since real classrooms combine many tools at once (Bakker et al., 2021). Building this evidence is necessary if decisions about technology are to rest on more than enthusiasm.
7. Conclusion
Emerging technologies offer mathematics education tools of real power, capable of making abstract structure visible, of giving learners responsive and individual support, of situating mathematics in immersive and connected environments, and of reaching learners who were previously beyond reach. The recurring lesson of the research, however, is that these possibilities are realised only through pedagogy. The same tool can transform mathematical activity or reduce it to routine, can narrow inequality or widen it, and can support understanding or bypass it, and which of these occurs depends on the knowledge and judgement of teachers, the conditions in which they work, and the care with which the technology is designed and deployed.
This review has limitations that qualify its conclusions. It is narrative rather than systematic, so its coverage is broad rather than exhaustive, and the selection of sources, although guided by stated criteria, involved the authors' judgement. It is restricted to work published in English, which under-represents scholarship from several of the regions the review is most concerned with, and the evidence available for the newer technologies, particularly immersive reality and generative artificial intelligence, is still thin and rapidly changing. Readers should therefore treat the account of those technologies as provisional.
The most useful stance towards emerging technology in mathematics education is neither uncritical enthusiasm nor reflexive suspicion, but a considered commitment to integration that is pedagogically sound, ethically grounded, and responsive to the cultural and material circumstances of the learners it is meant to serve. Held to that standard, the innovations reviewed here can help mathematics education meet its longstanding aims more fully, and can do so for more of the learners who have most to gain.
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