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ABSTRACT: Real-time mobile and cloud-native applications—such as live dashboards, financial trading, and IoT
telemetry—rely on low-latency, high-throughput data streams. Securing these streams under varying client network
conditions (e.g., mobile 5G vs. rural 3G) and preserving real-time performance presents a major architectural challenge.
Traditional security solutions, which enforce rigid, synchronous checks, often introduce unacceptable latency and fail
gracefully under high network jitter. This paper proposes the Adaptive Secure Data Streaming Architecture (ASDA -
S), a novel framework that dynamically adjusts the security and data delivery pipeline based on real-time client and
network context. ASDA-S leverages a Context-Aware Security Gateway (CASG) that modifies encryption ciphers
and stream batch sizes based on client bandwidth and latency constraints. Key to the architecture is a Hierarchical
Data Integrity Model (HDIM) that separates critical data fields for high-assurance, low-latency encryption from bulk
data, which is compressed and encrypted with a less resource-intensive algorithm. Empirical evaluation, conducted on a
simulated real-time financial data feed, demonstrates that ASDA-S achieves a $\mathbf{35\%}$ reduction in end-to-
end latency for mobile clients on low-bandwidth networks compared to static, high-assurance encryption baselines,
while maintaining $\mathbf{100\%}$ policy compliance for critical data integrity. ASDA-S provides a resilient and
highly performant solution for securing continuous data flows in dynamic cloud-to-edge environments.
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I. INTRODUCTION AND MOTIVATION

The shift toward real-time, event-driven architectures has positioned data streaming (e.g., Kafka, Kinesis, WebSockets)
as the backbone of modern cloud applications (Vogels, 2008). Mobile and edge devices consume these streams under
inherently unstable network conditions (high jitter, frequent disconnection, limited bandwidth). Securing this
continuous, high-volume data presents a dual constraint:

1. Security Constraint: Data must be cryptographically protected end-to-end to ensure confidentiality and integrity
(Rose et al., 2020).

2. Performance Constraint: Encryption/decryption overhead and stream batching cannot violate the low-latency
requirements (e.g., sub-100ms P99 latency for trading data).

The rigid application of high-assurance security standards (e.g., AES-256) across all data often exacerbates the
performance constraint, particularly for low-power mobile clients where decryption overhead consumes vital CPU
cycles and battery life.

Purpose of the Study

The core objectives of this research are:

1. To design and formalize the Adaptive Secure Data Streaming Architecture (ASDA-S) to dynamically tune security
parameters based on client-specific constraints.

2. To develop and validate the Hierarchical Data Integrity Model (HDIM) for prioritizing encryption resources
toward sensitive data fields within a single stream event.

3. To empirically quantify the performance gains (latency, CPU/battery savings) achieved by ASDA-S on mobile
clients under simulated bandwidth constraints compared to non-adaptive, static security models.
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II. THEORETICAL BACKGROUND AND CONSTRAINTS

2.1. Streaming Security Challenges

Traditional security models (mTLS, VPNs) secure the channel but do not address the data payload efficiency. Key
challenges in secure streaming include:

e Processing Overhead: Encryption and decryption cycles introduce latency, particularly on CPU-constrained
mobile devices (Vogl, 2021).

o Network Jitter: Unstable mobile networks force streams to use sub-optimal batch sizes, leading to excessive
retransmissions or latency spikes.

e Granularity: Applying the same security policy to every field in a large event (e.g., securing a timestamp and a
customer ID with equal rigor) wastes resources.

2.2. Adaptive Data Delivery

Adaptive techniques are well-established in video streaming (HLS, MPEG-DASH) where video quality adapts to
bandwidth. ASDA-S translates this principle to the security and serialization layer, treating encryption strength and
stream encoding as adaptive variables.

2.3. Zero-Trust and Data-Centric Security

ASDA-S aligns with Zero-Trust principles by focusing on data protection regardless of the channel. The Hierarchical
Data Integrity Model (HDIM) is a data-centric approach, ensuring that highly sensitive fields (e.g., PII, price) receive
stronger, specialized protection compared to less sensitive metadata.

II1. THE ADAPTIVE SECURE DATA STREAMING ARCHITECTURE (ASDA-S)

ASDA-S operates a dynamic feedback loop between the cloud stream source and the mobile client to optimize data
delivery and security.

3.1. Context-Aware Security Gateway (CASG)

The CASG is the central intelligence point, sitting between the stream processing engine and the edge delivery
network.

¢ Client Context Collection: The CASG continuously receives telemetry feedback from the mobile client, including:
o Network Status: Estimated bandwidth, RTT (Round Trip Time), and jitter.

o Device Status: Battery level, current CPU load (optional, via non-invasive reporting).

e Adaptive Decision Engine: The CASG implements a rule engine that determines the optimal Security Profile (SP)
and Streaming Profile (SP) for the client.

Client Context “Security Profile (SP) ||Streaming Profile (SRP) ||Action |
High BW / Low High Assurance (AES-256) Small Batch Size (High|[Maximize Integrity / Minimize
Latency Frequency) Latency

Low BW / High|[Standard (AES-128, Lightweight||[Large Batch Size (Low|[Maximize Throughput /
Jitter Hash) Frequency) Reduce Overhead

Low Battery /|[Minimal Security (Only HDIM . . . .

Low CPU Field Encryption) Optimized Compression Reduce Client Processing Load

3.2. Hierarchical Data Integrity Model (HDIM)

HDIM is applied at the stream serialization layer before encryption. It classifies data fields within a single stream event
and applies tailored security methods.

e Integrity Tier 1 (Critical): Fields containing PII or financial value (e.g., Account ID, Transaction Amount). These
fields are isolated and encrypted using a strong, dedicated cipher (e.g., AES-256-GCM) and signed with a unique
HMAC.

o Integrity Tier 2 (Standard): Bulk data and sensitive metadata (e.g., timestamps, session IDs). These fields are
encrypted using the standard cipher selected by the CASG (e.g., AES-128).

o Integrity Tier 3 (Public): Non-sensitive data (e.g., Ul hints). These may be left unencrypted but compressed
aggressively.
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This separation ensures that security resources are concentrated on the most valuable data, improving efficiency while
maintaining compliance.

3.3. Client-Side Decoupled Decryptor

The mobile client is equipped with a specialized Decoupled Decryptor that handles the multi-tiered decryption process.
It prioritizes the low-latency decryption of Tier 1 data for immediate consumption, while bulk Tier 2 data is processed
asynchronously, improving the client's Time-to-Contentful-Paint (TCP).

IV. EMPIRICAL EVALUATION AND FINDINGS

4.1. Experimental Setup

e Application: A simulated real-time trading application transmitting stock price updates ($100$ events/second).
Each event contained Tier 1 (Price/Volume) and Tier 2 (Metadata).

Client Environment: Low-end mobile device simulator with two network profiles:

Profile H (High): 50 Mbps, 20ms RTT.

Profile L (Low): 1.5 Mbps, 250ms RTT, simulating congested 3G/LTE.

Comparison Baselines:

Static High-Assurance (SHA): All data encrypted with AES-256, static batch size.

ASDA-S: Full adaptive framework with HDIM and dynamic cipher/batch sizing.

Metrics: End-to-End Latency (P95), Client-Side CPU Utilization for Decryption, and Policy Compliance (Tier 1
data integrity).

e R e 0O e

4.2. Performance Gains on Constrained Networks (Profile L)

|Metric ||Static High-Assurance (SHA)”ASDA-S (Adaptive) ||Perf0rmance Gain |
[P95 End-to-End Latency _[[$320 \text{ ms}$ |[5208 \text{ ms}$ ||$\mathbf{35\%} $ Reduction]
[Client Decryption CPU Load|[$45\%$ |[$25\%8 |[$\mathbf{44\%} $ Reduction]
|Data Throughput ||$7O \text{ events/sec}$ ||$100 \text{ events/sec}$||$43\%$ Increase |

The ASDA-S system, by dynamically switching to a smaller cipher (AES-128) and optimizing batch size on the low-
bandwidth Profile L, achieved a $\mathbf{35\%}$ reduction in P95 latency. The reduction in client CPU load
($\mathbf{44\%}$) is a direct result of the HDIM focusing the strongest cipher only on Tier 1 data, which translates to
critical battery savings for mobile users.

4.3. Security and Integrity

Both the SHA Baseline and the ASDA-S model maintained $\mathbf{100\%}$ policy compliance for the integrity of
Tier 1 data (Price/Volume). This validates that the HDIM approach successfully preserves the highest level of security
for the critical components of the stream, even while making performance trade-offs on the bulk data. The CASG's
enforcement mechanism ensured no unencrypted Tier 1 data was ever delivered.

V. CONCLUSION AND FUTURE WORK

5.1. Conclusion

The Adaptive Secure Data Streaming Architecture (ASDA-S) successfully resolves the conflict between performance
and security in real-time cloud-to-mobile data flows. By integrating the Context-Aware Security Gateway (CASG) with
the Hierarchical Data Integrity Model (HDIM), ASDA-S dynamically optimizes encryption strength and streaming
parameters based on real-time client constraints. The empirical results confirm substantial gains, demonstrating a
$\mathbf{35\%}$ latency reduction and $\mathbf{44\%}$ CPU overhead reduction for mobile clients on poor
networks, all while maintaining uncompromising security for critical data fields. ASDA-S establishes a scalable
blueprint for building resilient, performant, and policy-compliant real-time data ecosystems.

5.2. Future Work

1. AI-Driven Context Prediction: Replace the current rule-based decision engine in the CASG with a Machine
Learning model that predicts network degradation (e.g., an impending tunnel entry) and preemptively adjusts the
security and streaming profile, enabling truly zero-latency adaptation.
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2. Integration with Zero-Trust Identity: Extend the CASG to integrate the client's identity and posture score
(beyond just network context) into the security profile decision, allowing for dynamic key rotation or data masking
based on the device's security health (e.g., block all Tier 1 data if the mobile device is detected as rooted/jailbroken).

3. Cross-Stream Correlation: Investigate applying HDIM principles to multiple, correlated streams, optimizing the
combined encryption and decryption budget across an entire application session rather than optimizing each stream in
isolation.
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