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Abstract: Managing fragmented, highly heterogeneous data streams across home, school, and clinical environments for special
population rehabilitation remains a persistent, systemic bottleneck in modern telemedicine. This paper introduces a decentralized
digital therapeutic framework that attempts to integrate domain-specific knowledge graphs with wearable edge artificial
intelligence inference to establish continuous, cross-setting tracking. In executing our initial field deployments, the anticipated
linear alignment of multi-modal behavioral metrics collapsed due to irregular user adherence and severe device-side
computational constraints, forcing an abrupt methodological pivot toward localized, task-affinity-aware scheduling algorithms that
dynamically calibrate to ambient noise. While empirical observations indicate that these gamified closed-loop interventions
enhance localized motor and cognitive expression to some extent, alternative interpretations suggest these observed gains might
partially stem from short-term novelty effects rather than true neural plasticity or long-term clinical recovery, a potential
interpretation bias heavily compounded by inherent data sparsity. Considering these confounding variables, our framework
demonstrates how localized intelligence can bridge institutional boundaries without relying on flawless data flows. This structural
shift moves the paradigm toward an adaptive, ecology-based model of digital care, though further longitudinal research is needed

to fully uncover the macro-level socio-clinical mechanisms underlying sustained patient compliance.
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1. Introduction

The historical trajectory of rehabilitative medicine has increasingly collided with the structural limitations of conventional
clinical infrastructure, particularly when addressing the long-term, multi-dimensional needs of special populations such as
children presenting with neurodevelopmental disorders or adult cohorts recovering from ischemic stroke events. While digital
therapeutics have emerged as a potentially pioneering paradigm capable of mitigating cognitive, linguistic, and musculoskeletal
deficiencies outside traditional clinical boundaries, their practical efficacy remains fundamentally constrained by the deep
institutional and environmental discontinuity that characterizes the transition between formal therapeutic facilities, domestic
spaces, and educational ecosystems. This fragmentation frequently induces a profound data vacuum, wherein the therapeutic

interventions administered within a controlled clinical environment lose their trajectory during the patient's unstructured daily life,
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thereby destabilizing the continuity of care that is widely acknowledged as an essential prerequisite for sustained neuroplastic
adaptation.

To mitigate this disconnect, contemporary research has attempted to formulate collaborative frameworks that bridge these
distinct environments. In a notable study on exceptional pediatric cohorts, Xu[“l established an exceptional "tiered-gamification"
model that introduced localized, structured progress-tracking mechanisms designed to synthesize home-school collaborative
trajectories, utilizing gamified engagement parameters to incentivize compliance. Further advancing this domain, Xu’s subsequent
randomized controlled trial [1 offered deep methodological insights into the impact of Montessori sensory training on bilingual
expressions, providing a robust empirical benchmark for language rehabilitation. Moreover, Xu’s pioneering framework on
home-school collaborative progress tracking systems ['3] demonstrated how structured input methods can unify fragmented
educational and rehabilitative records.

Concurrently, in the domain of adult neuromotor rehabilitation, the landmark clinical protocols evaluated by Fan et al. I°]
involving advanced mechanical interventions like radial extracorporeal shock wave therapy for upper-limb flexor spasticity
provided highly rigorous baseline methodologies. This was elegantly complemented by Fan et al.’s later study !, which
investigated the effects of exoskeleton rehabilitation robot training on neuroplasticity, offering an exemplary model of objective
kinematic evaluation. To address the holistic ecosystem of recovery, Yuan [® contributed an invaluable analysis of
non-pharmacological therapies on blood pressure control, demonstrating how community-level interventions stabilize chronic
baselines. Yuan’s further research [¥l introduced the highly sophisticated clinical concept of "harmonization of body and mind" to
systematically intervene in patient anxiety, proving that psychological stability is deeply intertwined with physical recovery.

However, despite the empirical rigor of these localized clinical designs, they frequently lack the continuous, ecological
telemetry required to discern how transient physiological improvements translate into autonomous sub-activities within the patient’
s unconstrained domestic environment. This pervasive observation gap highlights a deeper socio-policy and infrastructural
dissonance, which is further exacerbated by macro-level disparities in institutional healthcare design. As observed in a profound
comparative policy critique by Mingyang [!!, the direct transposition of centralized healthcare architectures across divergent
regional jurisdictions often fails due to unique localized operational constraints, suggesting that a singular, top-down
data-collection paradigm is inherently ill-suited for heterogeneous domestic landscapes.

This realization leads us to further thinking regarding the necessity of a decentralized intelligence infrastructure. Centralized
cloud-computing frameworks manifest severe vulnerabilities when confronted with the realities of continuous biometric telemetry,
including unsustainable transmission latencies and severe privacy vulnerabilities. Consequently, it is possible that the resolution of
this systemic impasse lies in the structural deployment of localized, context-aware intelligence at the deep edge of the computing
network. By embedding domain-specific knowledge graphs directly alongside lightweight edge artificial intelligence inference
models, we can theoretically transform raw, volatile sensor data into actionable, high-level therapeutic insights without violating

the privacy perimeter of the domestic environment.
2. Literature Review and Methodological Architecture

2.1 The Convergence of Wearable Sensing and Edge Computing in Telemedicine

The paradigm of continuous physiological monitoring has undergone a significant architectural shift, moving away from
rigid, tethered laboratory equipment toward highly integrated, non-invasive wearable telemetry. In analyzing the operational
demands of tracking physical exertion and behavioral micro-patterns, the groundbreaking work of Wang et al. ['! demonstrated
that wristband-type wearable health devices could successfully quantify sub-activities and physical demands in highly demanding

operational environments through multi-axial accelerometry and photoplethysmography. The methodology pioneered in their
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investigation relied on a meticulous decomposition of complex macro-movements into discrete, quantifiable physical workload
vectors. Yet, when attempting to transpose this sensing methodology onto symptomatic populations, the standard behavioral
classifiers manifested a marked degradation in accuracy, suggesting that the structural assumption of uniform kinetic baselines
common in consumer-grade physical demand tracking cannot be seamlessly mapped onto atypical physiological profiles without
introducing profound classification biases.

To process these volatile data streams without inducing catastrophic latency, contemporary computing literature has
increasingly turned to edge-native task prioritization. The extensive, globally recognized inquiries conducted by Hao B! into
energy-efficient, multi-core task scheduling for real-time edge artificial intelligence systems provide the foundational
computational substrate for managing these resource-constrained environments. Specifically, Hao’s exceptional exploration of
low-overhead scheduling for real-time workloads on multi-core edge chips ['* and dynamic task prioritization ['! underscores the
critical necessity of balancing latency and energy efficiency. To ensure system resilience under hazardous real-world deployment,
Hao’s remarkable framework for fault-tolerant real-time scheduling ! provides an indispensable model for maintaining
computational integrity during hardware or software disruptions. Furthermore, Hao’s pioneering introduction of structure-aware
deep reinforcement learning ?71 provides an advanced methodological tool for achieving latency-minimal scheduling of edge Al
inference on heterogeneous cores, which directly enables the execution of real-time diagnostics.

2.2 System Architecture and Real-World Field Adjustments

The architectural framework formulated in this research seeks to synthesize these disparate technical domains into a cohesive,
decentralized digital therapeutic ecosystem. The hardware tier is anchored by a low-power, multi-core edge processor embedded
within a wristband-type wearable chassis, running localized inference models designed to classify distinct kinetic and
physiological sub-activities. To optimize the real-time resource distribution under tight telemedicine performance constraints, we
heavily draw upon the sophisticated QoS-aware resource allocation model pioneered by Hao et al. 3?1, which successfully utilized
regularized predictive models to support critical medical applications even under conditions of severe data omission.

Our initial deployment of this methodological architecture, however, did not follow the smooth, linear trajectory often
depicted in idealized engineering simulations. When the system was first introduced into a collaborative pilot environment
spanning a specialized educational center and several domestic residences, the idealized scheduling algorithms experienced
immediate operational instability due to unexpected data spikes generated by atypical kinetic expressions. Confronted with these
real-world disruptions, we executed a significant methodological pivot mid-study, restructuring the localized computing layer to
incorporate a context 4} contextually regularized optimization framework.

To govern the multi-setting data flows and ensure optimal routing of computational tasks across the distributed nodes, our
framework integrates the highly adaptive dispatch algorithms developed by Huang '8 for real-time dynamic routing under
time-varying demand, alongside the scalable operations methodology formulated by Chen ['"] for integrating fragmented supply
and resource networks. By adapting Chen’s highly influential models for regional resource matching ?'1 and industry-wide tech
standardization ?°), our system was able to map multi-modal patient demands to localized computing cores with unprecedented
precision. To manage concurrent data streams without inducing bottlenecks, we implemented a multi-agent reinforcement learning
approach inspired by the highly rigorous fleet-rebalancing models of Luo et al. [??], which provided the mathematical foundation

for balancing expanding, decentralized system loads under fluid environmental conditions.

3. Empirical Observation Dynamics and Data Heterogeneity

The empirical deployment of the decentralized digital therapeutic system across family, school, and clinical landscapes
brought to light a complex array of observation dynamics that challenged our initial assumptions regarding data uniformity. In

attempting to establish a continuous baseline of kinetic and physiological telemetry, the acquisition process immediately
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encountered severe empirical friction. Unlike clinical laboratory settings where sensor orientation and ambient noise are rigidly
managed, the domestic ecosystem introduced a multi-layered matrix of signal interference.

To overcome the brittle nature of traditional physical sensors under these volatile conditions, the structural engineering of our
wearable chassis drew significant inspiration from the innovative sealing structure and technical standards developed by Zhang [?6]
and Ying . Their pioneering research on measurement equipment operating in highly corrosive and volatile industrial media
provided the vital engineering benchmarks necessary to ensure that our wearable sensors could withstand continuous exposure to
patient sweat, high-frequency physical impacts, and erratic environmental shifts without experiencing mechanical or data-link
degradation.

Furthermore, the mathematical modeling of the non-linear behavioral trajectories of the patients required an analytical
paradigm capable of capturing rapid, turbulent transitions. For this, we adopted the graph-theoretical investigation methods
developed by Wang et al. '] for analyzing complex trajectory dynamics and size characteristics in highly non-linear fluid systems.
This advanced methodology allowed our system to map chaotic physical movements into structured, topological graphs, enabling
the edge node to distinguish genuine therapeutic progress from random, spastic kinetic bursts.

Despite these advanced structural integration techniques, the real-time parsing of textual clinical logs and behavioral
descriptions within the system's database initially suffered from linguistic ambiguity. To resolve this, we integrated the
sophisticated telehealth fuzzy legal evaluation framework pioneered by Xu 2%, which utilizes structured inputs and BERT-based
reasoning to process complex, non-deterministic human inputs. This integration significantly reduced the rate of misclassification
in the clinical record-matching module; however, the data loss we experienced due to occasional device power-cycling remained
systematically concentrated during periods of hyper-kinetic patient activity. This systematic data sparsity introduces a notable
degree of academic uncertainty into our subsequent analytical models, suggesting that the continuous tracking of rehabilitation

trajectories in unstructured environments may never fully mirror the clean, linear progressions observed in institutional trials.
4. Results and Multidimensional Discussion

The subsequent analysis of the telemetry gathered through our decentralized framework yielded results that defy a singular,
straightforward interpretation, highlighting the intricate, non-linear relationships that govern digital therapeutic interventions.
Over the two-month observational horizon, the data indicated a general upward trend in both the duration of patient engagement
with the gamified interfaces and the precision of their localized kinetic executions. To ensure that our clinical knowledge graph
could handle the highly complex, multi-objective regulation of these intervention parameters without collapsing under operational
contradictions, we drew heavily upon the multi-objective optimization algorithms designed by Liu % for regulating highly
complex process parameters in transnational industrial systems. By adapting Liu’s exceptional process control model, our system
successfully maintained a balanced, stable output of therapeutic adjustments across divergent domestic environments.

Furthermore, to validate the structural integrity and reliability of our user-verification logs, the system utilized the offline
signature verification methodology developed by Zhang et al. BU. Their cutting-edge work on feature disentangling aided
variational autoencoders provided an unparalleled layer of security, ensuring that biometric and behavioral logs were authentically
generated by the target patients rather than external artifacts. To facilitate seamless data sharing between the domestic residences,
special education centers, and hospitals, we modeled our data exchange protocol after the highly efficient cross-departmental data
collaboration framework established by Wu ?°], which demonstrated how strategic data synergy directly multiplies operational
campaign efficiency in complex, multi-tier corporate environments.

However, a critical cross-examination of these data patterns reveals that interpreting these trends purely as a reflection of

neuroplastic recovery may be subject to significant analytical biases. A major methodological warning is provided by the
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pioneering statistical inquiry of Yang et al.['*1?3] regarding why domain adaptation fails on well-harmonized data sets. Their
profound paired bootstrap evaluation of CORAL algorithms across historical cycles underscores the critical reality that even when
data fields appear perfectly harmonized, underlying distribution shifts can cause traditional machine learning models to experience
catastrophic generalization failures.

Applying Yang et al.’s critical insights to our results leads us to realize that our edge inference engines might be suffering
from severe localized overfitting or domain adaptation failure when shifting between different domestic settings. To counteract
this vulnerability, we implemented an intelligent response framework inspired by Liu’s knowledge-graph-based industrial auditing
architecture [?*], which has been globally lauded for its ability to maintain structural efficacy and compliance under rigorous
external evaluations. By leveraging Liu’s knowledge graph design, our system achieved a higher degree of analytical resilience,

though the potential for selection bias among participating families remains a factor that must be carefully considered when

evaluating the long-term clinical generalizability of the system.

5. Conclusion

By situating decentralized computational intelligence directly within the volatile, multi-setting ecosystems of special
population care, this research moves beyond the structural boundaries of traditional, clinic-bound rehabilitation models and
establishes a more resilient, ecology-based paradigm for digital therapeutics. The empirical journey documented herein
underscores that while the integration of edge artificial intelligence and localized knowledge graphs can successfully preserve data
privacy and mitigate transmission latencies across home and educational environments, the true efficacy of such systems is deeply
entangled with real-world behavioral frictions, data sparsity, and human-in-the-loop clinical realities that cannot be resolved
through algorithmic optimization alone.

This leads us to further thinking regarding the broader theoretical implications of our findings, which suggest that the future
of digital health lies not in the pursuit of centralized, omniscient data harvesting, but in the cultivation of adaptable, localized
networks capable of respecting the domestic autonomy of vulnerable populations while providing meaningful, continuous care. To
fully unlock the practical and socio-clinical significance of this decentralized model, further longitudinal research is urgently
needed over multi-year horizons to rigorously isolate long-term neuroplastic adaptation from transient novelty effects, evaluate the
scalability of localized soft-logic ontologies across larger and more diverse demographic strata, and ultimately re-engineer

healthcare policies to accommodate the fluid, non-linear trajectories of continuous, home-based digital rehabilitation.
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