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SUMMARY 

This paper examines whether or not Augmented Reality (AR) is effective in the acquisition of vocabulary 

in neurodivergent language learners using the Cognitive Load Theory. The conventional teaching 

methods tend to cause a lot of extraneous cognitive load that poses a great obstacle to students with 

ADHD and Autism Spectrum Disorder. To combat this, an AR-based learning environment was created 

with the particular aim of maximizing cognitive resources through the reduction of visual clutter and 

delivery of spatial, just-in-time linguistic cues. The quantitative experimental design was used, whereby 

60 neurodivergent individuals were randomly allocated to either an AR-enhanced experimental group or 

a conventional digital interface control group. The instrument of data collection was the NASA-TLX 

(Task Load Index), which was used to determine the cited perceived cognitive effort, and pre- and         

post-tests were conducted to determine the short- and long-term vocabulary retention. Statistical analysis 

is a strong indicator of the success of the intervention. Results from independent samples t-tests indicate 

that the AR group experienced a statistically significant reduction in cognitive load (t (58) = -8.92, p < 

0.001) and a massive improvement in long-term retention (t (58) = 11.45, p < 0.001) compared to the 

control group. Specifically, the experimental group maintained a mean delayed post-test score of 82.4%, 

while the control group dropped significantly to 54.3%, yielding a large effect size of Cohen's d = 1.42. 

Moreover, the total task load and delayed recall accuracy are correlated (r = -0.74). Such results imply 

that the AR with the optimization of the cognitive load is a better pedagogical approach to inclusive 
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language education. The study can be utilized in developing a data-driven, scalable model of 

technologically neuro-inclusive designs, where cognitive accessibility is a priority, as opposed to 

conventional rote memorization.  

Key words: augmented reality (AR), neurodiversity, cognitive load theory (CLT), vocabulary 

acquisition, inclusive education, educational technology (EdTech), quantitative analysis. 

INTRODUCTION 

Traditional language learning focus is often based on decontextualized memorization and multi-modal 

stimuli not correlated both in time and space [2][10]. When neurodivergent learners are involved, that 

is, when learners have attention deficit hyperactivity disorder (ADHD) or autism spectrum disorder 

(ASD) the extraneous cognitive load of such traditional settings can be high. Such an avoidable mental 

burden is due to the necessity to divide attention to textbooks, digital screens, and physical objects, 

which may overburden executive functioning and prevent encoding new information into long-term 

memory. This happens when cognitive resources of the learner are drained by the means and not the 

message when the instructional design does not take into consideration the sensory sensitivities or any 

attentional changes [15].  

Integration of Augmented Reality (AR) is a revolutionary process that delivers contextualized and                   

just-in-time acquisition of vocabulary [6]. In contrast to the inanimate digital tools, AR layers the 

linguistic information at the very place where the learner is located so that the signifier (the word) and 

the signified (the object) are simultaneously sensed. AR can reduce the learning process by applying 

Cognitive Load Optimization (CLO) techniques, including the minimization of visual clutter, spatial 

audio, and the avoidance of split attention effects [12].  

This provides an attentive low-friction interface that is in line with the processing capabilities of 

neurodivergent people, and the environment itself becomes a scaffolded learning resource. The main 

aim of the research is to quantitatively measure the effects of AR-based optimization of the cognitive 

load on two very important performance outcomes of vocabulary retention and processing speed. It is 

hoped that by comparing a CLO-optimized AR environment and traditional digital techniques, this study 

establishes whether the reduction in extraneous cognitive load can result in statistically significant 

findings in immediate recall and long-term linguistic proficiency of neurodivergent groups.  

The rest of this paper will have the following organization so to present it rigorously as a quantitative 

study: Section II: Literature Review will review the convergence of Cognitive Load Theory (CLT), 

neurodivergent learning profiles and the modern state of AR in the acquisition of a second language. 

Section III: Methodology provides the specifics of the experimental design such as participant 

demographics, the technical details of the AR intervention, and the psychometric tools to be used to 

collect the data. Section IV: Results give the statistical analysis of the data, t-tests and correlation 

coefficients were used to compare the experimental and control groups. Section V: Discussion puts the 

findings into a context of inclusive pedagogical design, answering the question of how the optimization 

of cognitive resource specifically works in the favor of the neuro-atypical learners. Section VI: 

Conclusion presents the research contributions and suggests the future longitudinal research directions 

in the neuro-inclusive educational technology. 

LITERATURE REVIEW 

The theoretical underpinning of the study is based on the Cognitive Load Theory (CLT) where the 

capacity of working memory is considered very restricted and that instructional design should address 

the three types of loads, namely intrinsic, extraneous, and germane load. In the case of neurodivergent 

learners, especially individuals with Autism Spectrum Disorder (ASD) or ADHD, the extraneous load 

is of critical importance since the mental load is consumed by poorly-designed instructional resource 

processing. The study in the neuro-atypical cognitive profile has indicated that such learners tend to be 

experiencing difficulty with executive functions, including the ability to ignore extraneous stimuli or the 

ability to overcome the split-attention effect that is evident in conventional textbook-and-audio 

arrangements [4]. Although traditional pedagogical approaches are based on memorization,               
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neuro-inclusive research on memory versions suggests that multi-sensory encoding of information in 

context is frequently more effective in terms of encoding [9]. Nevertheless, because of the absence of 

adaptive interfaces on standard digital tools, often cognitive bottlenecks obstruct the transfer of 

vocabulary between short-term and long-term memory. 

Augmented Reality (AR) appearing in the context of second-language acquisition (SLA) may serve as 

a possible solution due to the presence of information on space and contextualization [1][3][5]. The 

current literature on AR to learn a language focuses on how it can bring more engagement to students 

and offer them a so-called situated learning, in which words are imposed over real objects [13][20]. 

Research has proven that AR is able to minimize the cognitive effort of matching a foreign signifier with 

the physical referent. Along with these benefits, nearly all present-day AR applications target the 

population of neurotypical users, with many of them involving high-stimulus environments, intricate 

menus, and constant visual interruptions [18]. Although this is a sensory-rich method that may be 

interesting to some learners, it is counterproductive to those learners who are sensitive to sensory 

processing, which may only tend to multiply the overall cognitive load [17]. 

One of the existing research gaps is the interface design of AR and neuro-inclusive pedagogy. Although 

abundant information is available on the overall effectiveness of AR, empirical evidence on the effects 

of Cognitive Load Optimization (CLO), or the process of denying neurodivergent individuals                 

non-essential visual and auditory stimuli, in particular, has its definite deficit. The majority of the 

available research is interested in the effect of novelty or general engagement rates, but does not separate 

cognitive load as a measurable variable using psychometrically proven instruments such as NASA-TLX. 

Besides that, comparative data is missing comparing whether AR is effective in closing the performance 

divergence between neurotypical and neurodivergent learners, or whether the advantage is universal. 

The inference made based on the existing literature is that the success of the AR with neuro-atypical 

learners does not necessarily lie in the technology itself, but in the way of minimizing the extraneous 

load. Unless the AR-environment is precisely tuned to facilitate the executive process, namely reaching 

out to the just-in-time cues but sifting out extraneous stimuli, it can easily turn into yet another source 

of cognitive overload. Thus, the present study has assumed the notion that to become an instrument of 

real inclusiveness, AR should no longer be considered as a visual form of immersion but rather be 

transformed into a framework of the so-called cognitive scaffolding. The quantitative testing of this 

optimization by this research aims to establish that a lean, cognitively-aligned AR interface can equalize 

learning results in neurodivergent pupils, and turn the environment into a disturbance instead of 

structured memory assistance. 

METHODOLOGY 

This part outlines the quantitative model to assess the effectiveness of the cognitive load optimization 

in an AR setup. The aim is placed on the separation of the influence of the particular sensory and 

interface changes on the learning performance of neurodivergent participants. 

Research Design 

The experimental design used by the study is that of a between-subjects, but in the form of a randomized 

Controlled Trial (RCT). The design makes sure that every participant is subjected to a single 

instructional medium and avoids any possible effects of carry-overs or any prior exposure to the list of 

vocabulary. It was randomly selected as participants of Experimental Group (AR-based Cognitive Load 

Optimized) or Control Group (Standard Digital Interface) to provide statistical parity and to exclude the 

selection bias to the maximum. 

Participant Demographics and Selection 

A group of 60 neurodivergent learners are  the participants in the study, that is, people with a clinical 

diagnosis of either ADHD or Autism Spectrum Disorder (ASD). The recruitment is done based on 

special educational centers in order to provide a minimum degree of cognitive profile consistency. 
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Inclusion criteria involves the basic knowledge of the target language (A1/A2 level) and lack of previous 

experience with a specific set of vocabulary used in the intervention. 

The Intervention: Experimental vs. Control 

The intervention includes a language learning session, in which the subject receives 30 minutes of 

instruction on the topic of Household and Technical Vocabulary. 

• Control Group (Traditional Digital Interface): The members apply a regular mobile 

flashcard application. This interface shows a 2D picture of an item along with the written and 

oral name of the object. It is functional, but the learner must fill the gap between the screen and 

the physical environment in his or her mind. 

• Experimental Group (Optimized AR): The participants are using an AR application that is 

developed with the Cognitive Load Optimization (CLO). This interface has reduced visual 

clutters (there are no peripheral menus), locational audio effects that anchor sounds to physical 

objects and has haptic input to indicate successful word-object association. This just-in-time 

delivery provides the perception of the signifier in the precise spatial context of the object. 

System Flow Architecture 

The figure 1 below shows the data and process flow of the AR experimental intervention: 

 

Figure 1. System architecture for cognitive load-optimized (CLO) augmented reality intervention 
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objects. The CLO Processing Layer is some sort of a filter in that only necessary language information 

is translated. The architecture enhances the attenuation of the split-attention effect through the 

synchronization of visual text, spatialized audio, and haptic touch, to enable the participant to 

concentrate on the vocabulary acquisition task without the cognitive noise of the traditional interfaces. 

In the case of academic performance, Pre- and Post- Tests were used. The pre-test formed the baseline 

of the current knowledge, whereas the immediate post-test involved short-term recall and recognition. 

A post-test was given after seven days to determine the long-term retention. The tests were standardized 

to consist of multiple choice (recognition) and fill-in-the-blank (recall) questions, which provided a 

strong dataset to be used in further statistical analysis. 

Evaluation Metrics and Mathematical Formulation 

To ensure analytical rigor and replicability, three key evaluation metrics were adopted to measure both 

learning performance and cognitive processing efficiency. 

Vocabulary Retention Gain (G) 

The gain of vocabulary retention is used to measure the change in the performance of the students 

between the pre-test and the post-test levels. It measures the level of knowledge that has been gained 

following exposure to the learning intervention given as equation (1). 

𝐺 = (
𝑆𝑝𝑜𝑠𝑡−𝑆𝑝𝑟𝑒

𝑇𝑜𝑡𝑎𝑙 𝑃𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑆𝑐𝑜𝑟𝑒
) × 100   (1) 

Where 𝑆𝑝𝑟𝑒= pre-test score before the learning session, 𝑆𝑝𝑜𝑠𝑡= post-test score after the learning session, 

𝑇𝑜𝑡𝑎𝑙 𝑃𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑆𝑐𝑜𝑟𝑒 = Maximum achievable score. The increased 𝐺 value means that there is more 

vocabulary that was gained due to the teaching strategy. 

Weighted NASA-TLX Cognitive Load Score (W) 

The measurement of cognitive load was based on NASA Task Load Index (NASA-TLX) that is a 

measure of perceived workload based on six cognitive dimensions given by equation (2).  

𝑊 = ∑ (
6

𝑖=1
𝑅𝑖 × 𝑤𝑖)     (2) 

Where: 𝑅𝑖= Rating assigned by the participant for the dimension 𝑖, 𝑤𝑖= Weight assigned to that 

dimension based on participant prioritization 

NASA-TLX dimensions consist of six dimensions, namely: Mental Demand, Physical Demand and 

Temporal Demand, Performance, Effort and Frustration. Reduced W values mean that there is a lesser 

cognitive strain thus a learning system that is more compatible with human cognitive processing ability. 

Knowledge Retention Rate (𝑅𝑟) 

The knowledge retention was used to assess the sustainability of long-term learning by administering a 

delayed recall test, seven days after learning given by equation (3). 

𝑅𝑟 = (
𝑆2

𝑆1
) × 100              (3) 

Where: 

• 𝑆1= Immediate post-test score 

• 𝑆2= Delayed post-test score 

Higher retention rate means that there is greater memory consolidation and forgetting is minimized as 
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time goes by. 

Independent Samples 𝑡-test for Performance Comparison 

To determine the statistical significance of the difference between the experimental and control groups, 

the 𝑡-statistic is calculated as given by equation (4): 

𝑡 =
𝑋̄1 − 𝑋̄2

√
𝑠1

2

𝑛1
+

𝑠2
2

𝑛2

                                                       (4) 

Where 𝑋̄1and 𝑋̄2are the means of the groups, 𝑠2represents the variance, and 𝑛is the sample size (𝑛 = 30 

per group). 

Effect Size (Cohen’s 𝑑) 

To measure the practical significance of the long-term retention results, Cohen’s 𝑑is defined as  

equation (5): 

𝑑 =
𝑋̄1 − 𝑋̄2

𝑠𝑝𝑜𝑜𝑙𝑒𝑑
                                                      (5) 

Where 𝑠𝑝𝑜𝑜𝑙𝑒𝑑is the pooled standard deviation. 

Algorithm: CLO-AR Vocabulary Acquisition 

// Algorithm to optimize vocabulary acquisition for neurodivergent learners 

// Goal: Reduce extraneous cognitive load through spatial anchoring 

BEGIN CLO_AR_Learning_Process 

     // 1. Initial Environmental Mapping 

    INITIALIZE Cameras and Sensors 

    EXECUTE Physical Space Scan 

    ESTABLISH Anchor Points on real-world objects 

      // 2. Semantic Recognition Phase 

    FOR each object in User Field of Vision: 

        IDENTIFY Object via Scene Understanding 

        PERFORM Semantic Analysis to retrieve target vocabulary 

    END FOR 

     // 3. Cognitive Load Optimization (CLO) Filtering 

    WHILE Learning Session is ACTIVE: 

        MONITOR Interface Complexity 
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        IF UI_Clutter > Safety_Threshold: 

            STRIP peripheral menus and non-essential visual stimuli 

        END IF 

        PRIORITIZE "Just-in-Time" linguistic cues 

        ALIGN signifier (text/audio) directly with physical referent (object) 

            // 4. Synchronized Multi-Sensory Delivery 

        RENDER Minimized Visual Text at object coordinates 

        PLAY 3D Spatial Audio anchored to object location 

           IF User_Interaction detected: 

            TRIGGER Haptic Vibration (Tactile Reinforcement) 

        END IF 

         // 5. Continuous Monitoring and Analytics 

        LOG Response Latency (Processing Speed) 

        UPDATE Performance Metrics 

    END WHILE 

// Post-Process Evaluation 

    COLLECT NASA-TLX Dimensions (Mental Demand, Frustration, etc.) 

    CALCULATE Delayed Retention Gain 

END CLO_AR_Learning_Process 

The algorithm 1 is a real-time cognitive scaffold that is meant to match the neurocognitive system of 

learners with ADHD or ASD in terms of educational delivery. It commences by anchoring the digital 

interface with the physical world by environmental mapping and recognizing objects which creates a 

solid ground in learning. The very essence of the rationale is the Cognitive Load Optimization (CLO) 

Layer that is a filtering mechanism. This layer is proactively used of unwanted peripheral menus and 

perceptual noise that often fills the executive functioning through the exclusion of such noise. The 

algorithm can avoid the cognitively demanding step of the search and match mechanism that is present 

in traditional methods because it ensures the delivery of linguistic cues in a just-in-time manner, and that 

they are spatially related to physical objects. In addition, the system controls the multi-sensory 

synchronization so that the visual, auditory and haptic feedback can be synchronized together in the 

same field of space. This accurate coordination lowers the split-attention effect and the learner is able to 

allocate more cognitive resources to encoding the memory as opposed to learning the interface. The last 

step is data logging where the algorithm monitors the speed of processing and subjective energy 

expenditure. Using this data, it is possible to verify the success of the system and determine that the 

lower the mental demand the higher the long-term retention rates. Conclusively, the algorithm is used 

to convert what might have been a distracting technology, into a minimalist and inclusive education tool.  
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Data Processing and Inference 

The research constructed its methodology based on the assumption that a large difference in the      

NASA-TLX scores among the two groups had a direct relationship with the retention performance. The 

study also measured a quantitative index of the processing speed by recording the "Response Latency" 

(the time that it takes to recognize an object and repeat the word). In case the AR group exhibited lower 

scores on latency and task load and higher retention, the hypothesis that the idea of cognitive load 

optimization was one of the key factors of successful language acquisition in neurodivergent populations 

was proved by the data. 

DATA ANALYSIS AND RESULTS 

This part of the paper presents the statistical analysis that will be performed to determine the efficacy of 

the Augmented Reality (AR) intervention using the Cognitive Load Optimization (CLO) to enhance 

vocabulary learning and retention in neurodivergent students. This analysis is an integration of 

descriptive statistics, inferential statistical test, and visual analysis in order to give a complete assessment 

of the findings in the experiment. The main aim is to establish whether the AR environments enriched 

with CLO make a significant difference in alleviating cognitive load and enhancing the linguistic 

performance in comparison with the traditional digital learning instruments. The correlation coefficient 

(r = -0.74) confirms a strong inverse relationship between total cognitive workload (W) and delayed 

knowledge retention (Rr). 

The Cognitive Load-Optimized (CLO) system software was built on top of Unity 3D (2022.3 LTS) 

engine and the AR Foundation framework in order to get a seamless integration of ARKit or AR Core 

to provide real-time spatial tracking and scene recognition. The principle behind it is a custom CLO 

Processing Layer which dynamically controls the interface to avoid sensory overload by restricting 

visual clutter and providing just-in-time linguistic feedback to 3D spatial audio and haptic feedback. For 

data collection and validation, the NASA-TLX mobile application was utilized to capture                       

multi-dimensional workload metrics, while inferential statistical analysis, including independent 

samples t-tests (t (58) = 11.45, p < 0.001), was performed using SPSS to confirm the significant 

correlation between reduced cognitive demand and improved long-term vocabulary retention. 

Descriptive Statistics 

The statistical analysis was done using the descriptive statistics in order to summarize the central 

tendencies and variability of the data obtained. Table 1 displays its results.  

Table 1. Descriptive statistics for cognitive load and academic performance 

Metric Group Mean (𝝁) Std. Deviation (𝝈) 

NASA-TLX (Total) Experimental (AR) 34.2 8.5 
 Control (Digital) 58.7 12.3 

Immediate post-test Experimental (AR) 88.5% 5.2% 
 Control (Digital) 72.1% 9.8% 

Delayed post-test Experimental (AR) 82.4% 6.1% 
 Control (Digital) 54.3% 11.5% 

As indicated in table 1, there was a high level of difference in the performance in the Experimental 

Group (AR-based learning) and Control Group (traditional digital learning). The NASA-TLX scores 

reveal that the learners that used AR-based system had much lower cognitive workload. Mean Weighted 

NASA-TLX Score of 34.2 was registered in the experimental group compared to 58.7 on the control 

group, meaning that the conventional learning conditions put more mental and emotional pressure. In 

terms of immediate vocabulary performance, the experimental group achieved a mean score of 88.5%, 

while the control group recorded 72.1%. One of these differences implies that the AR-based interface 

makes it easier to understand and process information faster in the learning process. The fact that the 

post-test results were delayed also supports the long-term advantages of the AR intervention. The 

experimental group maintained an average retention score of 82.4%, while the control group dropped 
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significantly to 54.3%, indicating a steep decline in knowledge retention. The standard deviation in the 

AR was also relatively small which also indicates higher consistency in the outcomes of the learning 

among the participants. In general, descriptive statistics give initial proof that CLO-optimized AR-based 

learning environments promote cognitive efficiency and academic performance. 

Inferential Statistical Analysis 

In order to see whether the differences between the experimental and control groups were statistically 

significant, an Independent Samples 𝑡 -test was done. The findings showed the existence of a great 

difference in cognitive load and vocabulary retention provided by equation (4) and equation (5): 

• Cognitive Load Reduction: 

𝑡(58) = −8.92,  𝑝 < 0.001   (4) 

• Long-Term Retention Improvement: 

𝑡(58) = 11.45,  𝑝 < 0.001   (5) 

The null hypothesis could be rejected as the p-values are much lower than the traditional value of 0.05. 

This establishes that the AR-based intervention generated statistically significant changes in the 

management of cognitive loads as well as memory retention. Also, the effect size (Cohen's d) of delayed 

retention was found to be 1.42 and falls under the large effect. It means that the improvement is not only 

statistically significant but also practical in the real education environment. 

Table 2. Correlation matrix between cognitive load and retention 

Variable 1. Total NASA-TLX 2. Immediate Recall 3. Delayed Recall 

1. Total NASA-TLX 1.00 -0.68* -0.74* 

2. Immediate Recall -0.68* 1.00 0.82* 

3. Delayed Recall -0.74* 0.82* 1.00 

Significant at p < 0.01 

The table 2 demonstrates that the vocabulary retention is correlated with cognitive workload in a 

significant manner from equation (1) and equation (3). 

There is a high negative relationship between the NASA-TLX scores and recall performance. 

Specifically: 

• Cognitive burden vs short-term remembrance: r =-0.68 

• Cognitive load vs delayed recall: = -0.74.  

These findings suggest that the increased cognitive load correlates with poor learning. On the other hand, 

learners have a much better recall performance when cognitive load is kept to a minimum. Moreover, 

the relationship between delayed recall and immediate recall is positive with a very high value (r = 0.82). 

This indicates that students who successfully learned vocabulary in the beginning were also in a better 

position to hold such knowledge in the long run. The overall findings in the correlation studies give 

empirical evidence to the Cognitive Load Theory which says that learning becomes more efficient in the 

presence of less extraneous cognitive processing. 

Visual Representation of Results 

In order to supplement the statistical results and increase its interpretability, three graphical 

representations were created. 

In figure 2 represents the allocation of cognitive workload of the six NASA-TLX dimensions of both 
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the experimental and control group. The graphical representation of the data indicates that respondents 

who were operated under the AR process had considerably lower scores in psychology of Mental 

Demand, Effort, and Frustration. These decreases point to the fact that the AR interface managed to 

reduce extraneous mental processing, showing linguistic data in terms of interactive spatial evidence 

and visual context. On the other hand, the control group had higher scores on the mental demand and 

frustration indicating that traditional digital learning setting necessitates more efforts to learn abstract 

concepts of vocabulary. 

 

Figure 2. Multi-dimensional cognitive load profile 

 

Figure 3. Vocabulary forgetting curve over time  

The figure 3 tracks vocabulary retention across two time points: 

• Immediate post-test 
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• 7-Day Delayed Test 

The experimental group has a significantly less steep decay curve with a high level of long-term 

knowledge stability. Conversely, the control group has a steep declining trend, which is a sign of 

forgetting fast after learning. There is a good indication through this visualization that AR learning 

environments in which CLO optimization is performed facilitate more profound encoding of cognitive 

information and enhancement of memory. 

 

Figure 4. Cognitive load vs vocabulary recall  

In figure 4 illustrates the data of separate participants showing NASA-TLX scores versus the accuracy 

of vocabulary recall. The regression line indicates a negative slope, which supports the fact that cognitive 

load is negatively correlated with the learning performance. The respondents who had a reduced 

cognitive load tended to score higher in recall scores. This correlation contributes to the hypothesis that 

the efficiency of the language learning processes can be improved with the help of the reduction of 

extraneous cognitive load by the introduction of adaptive AR interfaces. 

Data Inference and Interpretation 

All the empirical findings indicate that the AR-based intervention can be useful in a significant manner 

in vocabulary learning among neurodivergent learners by streamlining cognitive processing pathways. 

The inverse relationship between cognitive load and delayed recall (r = −0.74) is sufficiently strong to 

suggest that the main mechanism that leads to the enhancement of the long-term retention is the 

reduction of cognitive load. The AR system facilitates the processing of abstract language by providing 

the vocabulary with the help of the spatial visualization, contextual cues, and interactivity. Furthermore, 

the high effect size of the results of the retention analysis proves that the advantages of AR are not 

limited to short-term engagement or effects of novelty. Rather, the intervention enhances significant 

cognitive restructuring that enhances knowledge consolidation and retrieval efficiency. Such outcomes 

indicate that there is a drastic change in the design philosophy of teaching technologies. Instead of the 

implementation of AR with the purpose of an only immersive tool, educational systems need to integrate 

the principles of cognitive load optimization to establish adaptive, cognitively filtered learning 

conditions. These systems can make neurodivergent students much more likely to achieve accessibility 

and better learning outcomes. 

Statistical Analysis 

Statistical analysis was conducted to determine the significance of the results between the experimental 
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and control groups. Inferential testing for cognitive load reduction yielded a t-value of −8.92with 58 

degrees of freedom (𝑡(58) = −8.92). This result was highly significant at 𝑝 < 0.001. Similarly,        

long-term retention improvement showed a t-value of 11.45(𝑡(58) = 11.45), which was also 

statistically significant at 𝑝 < 0.001. The analysis of long-term retention further revealed a Cohen’s 

𝑑effect size of 1.42, which is classified as a large effect. These findings allowed for the rejection of the 

null hypothesis, confirming that the intervention led to substantial and practical improvements in both 

cognitive load management and memory stability. 

Ablation Study 

The ablation study is used to show that the enhanced performance of the Augmented Reality intervention 

has direct correlation to certain Cognitive Load Optimization (CLO) aspects as opposed to the 

technology. By comparing the experimental group against a control group lacking these scaffolds, the 

research isolates the impact of "just-in-time" spatial anchoring, which bypassed the mentally taxing 

"search and match" phase and led to an 88.5% immediate recall rate. Furthermore, the removal of          

non-essential visual stimuli and the integration of synchronized 3D spatial audio and haptics resulted in 

a statistically significant reduction in mental demand (t(58) = -8.92, p < 0.001) and a 28% higher         

long-term retention rate compared to the traditional digital interface. Such results indicate that in the 

absence of these cognitive supports, neurodivergent learners become much more frustrated and their 

knowledge stability increases more rapidly, which proves that CLO elements are critical in balancing 

academic performance. 

DISCUSSION 

The quantitative findings offer high empirical evidence to the hypothesis that cognitive load 

optimization in an Augmented Reality setting can greatly help in boosting vocabulary acquisition among 

neurodivergent learners [14][16]. The interpretation of these findings in this section is based on cognitive 

accessibility and educational design [7][8]. 

Interpretation of Performance Gains 

Superior performance in the experimental group, evidenced by 88.5% immediate recall and a 

significantly shallower forgetting curve, is attributed to the successful reduction of extraneous cognitive 

load. In the control condition, the participants were doing split-attention processing, which required the 

mental mapping of the 2D digital images into 3D physical referents. This mapping process may impose 

excessive percentage of limited working memory to neurodivergent learners with similar difficulties in 

executive functioning. Conversely, there was the AR intervention where spatial anchoring and               

just-in-time delivery was used, which was effective as it relieved the mental load to build the context. 

This action of overlapping the linguistic signifier onto the object directly resulted in overlooking the 

phase of search and match of learning. The results of the NASA-TLX reduce to lower scores in the 

Frustration and the Mental Demand dimension, which is the fact that the AR group devoted more 

cognitive resources to the germane load, which was the actual encoding of the word, and less of the 

interface mechanics. This implies that the AR environment was used as an external cognitive support 

and leveled the learning process of patients with ADHD and ASD. 

Implications for Accessible EdTech 

The results of the research provide the blueprint of the new generation of inclusive Educational 

Technology (EdTech) based on data. The effectiveness of the so-called approach of minimized visual 

clutter suggests that in the case of neurodivergent groups, the increased use of technologies is not the 

solution but instead the focus should be on the so-called filtered interfaces that select only the necessary 

information [15][19]. Moreover, although this paper was on neurodivergent learners, the extraneous load 

reduction applies to all learners, so AR needs to be considered an accessibility feature but not merely an 

engagement tool. The close relationship between spatial audio, haptic, and retention implies that       

multi-sensory reinforcement, performed in real-time is many times better than the conventional         

multi-modal learning, (i.e., watching a film and reading a text at the same time) [11]. It means that 
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EdTech developers should focus on cognitive immersion rather than on sensory variety. 

Limitations and Future Considerations 

Although the outcomes were substantial, one should mention several drawbacks in order to give a clear 

picture of the current state of the technologies. Perhaps the elevated interaction rates among AR group 

could be attributed partly to the newness effect of working with AR hardware; there is a need of           

long-term studies to find out whether such retention benefits continue to be generated after the 

technology has become a regular student tool. The sample size of 60 neurodivergent participants 

provided sufficient statistical power to detect large effect sizes (d = 1.42). Hardware limitations are also 

not a negligible issue since the physical mass and battery life of available AR headsets can create another 

form of physical challenge which can affect the long-term use in a conventional 6-hour classroom 

setting. The longitudinal influence of AR-based vocabulary learning should also be researched in the 

future to make sure that these pedagogical benefits are maintained. 

Discussion Inference 

The main conclusion of this discourse is that the learning disability in most language situations can be a 

matter of a design disability of the medium. It is possible to reconcile the neurodivergent learner with 

their cognitive architecture, and in this case (i.e. by minimizing the effects of executive-intensive 

filtering), academic performance can be as good (or even better) than the neurotypical performance. This 

switches the pedagogical burden of the student to the optimization of the designer, which makes 

cognitive load management the most important variable in the creation of neuro-inclusive software. 

CONCLUSION 

Through the quantitative study, it is established that Cognitive Load Optimization (CLO) in the 

Augmented Reality (AR) setting provides a significant boost to vocabulary acquisition among 

neurodivergent learners by means of efficient extraneous cognitive load reduction. Giving a contrast 

between a simplified AR interface and conventional digital flashcard techniques, the research had 

offered empirical data to support the idea that just-in-time spatial anchoring is an essential educational 

scaffold. This optimization resulted in an 88.5% immediate recall rate and a statistically superior         

long-term retention rate compared to control groups. Specifically, inferential testing confirmed the 

intervention's success with a significant reduction in cognitive load (t(58) = -8.92, p < 0.001) and a 

substantial improvement in long-term memory (t(58) = 11.45, p < 0.001). The NASA-TLX data proved 

that reducing visual clutters and making the different sensory cues match, i.e. the spatial audio and 

haptics, statistically reduced frustration and mental effort, leading to more efficient encoding to the    

long-term memory. The main lesson that emerged as a result of these studies is that so-called perceived 

performance disparity in neuro-atypical populations is frequently a result of ill-conceived teaching 

interfaces, and not inherent deficiencies in cognitive functioning. The research, therefore, concludes that 

the future of inclusive Educational Technology (EdTech) is in the area of so-called minimalist 

immersion, in which the accuracy of the medium becomes more important than the diversity of the 

senses. Although the aspects like the novelty effect and hardware constraints should be the focus of 

additional longitudinal research, the findings provide the basis of data-driven Universal Design of 

Learning (UDL). Finally, the results of the academic performance can be normalized using optimized 

AR, which can match technical devices to the neurocognitive architecture of a particular learner.  
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