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 Smart Mosque systems require low-latency and highly available IoT services 
to reliably control time-critical devices such as lighting, HVAC, and 
loudspeakers, even under unstable internet connectivity. Existing cloud-
dependent solutions often introduce unacceptable delays and operational risks, 
while purely offline systems lack synchronization and remote manageability. 
This study proposes edge-based optimization techniques (local caching, 
decoupled computation, and push communication (Server-Sent Events and 
WebSocket)) implemented on ESP32 microcontroller endpoints paired with a 
lightweight edge server. The experimental evaluation measured end-to-end 
latency percentiles (p50, p95, p99), service availability, and resilience under 
simulated network disruptions. Tests were conducted in baseline polling mode 
and optimized push mode with varying client concurrency. Results showed 
that median latency decreased from 180 ms to 50 ms (~72% improvement), 
tail latencies (p95/p99) were reduced from 470/800 ms to 120/200 ms, and 
service availability improved from 95.8% to 99.3%. Local caching ensured 
continuity during outages, while decoupled computation minimized blocking 
operations, and push mechanisms enabled immediate synchronization. 
Resource overhead on ESP32 endpoints remained within acceptable limits, 
confirming feasibility on low-cost hardware (< USD 100). Compared with 
prior Smart Mosque studies that emphasized functional automation, this work 
provides a novel empirical contribution by quantifying latency distribution, 
availability, and resilience in real deployments. The findings demonstrate that 
simple edge-centric optimizations can substantially enhance responsiveness 
and reliability of Smart Mosque IoT systems, offering practical guidance for 
production implementations in public facilities. 
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1. INTRODUCTION 

The development of the Internet of Things (IoT) has enabled new capabilities for public facilities, 
including mosques, by supporting the Smart Mosque concept [1]. This approach uses edge-enabled IoT devices 
to automate control of lighting, air conditioning, and loudspeakers according to prayer schedules [2], improving 
resource management and congregant comfort while reducing energy consumption. Various studies have 
examined the implementation of IoT in mosque environments [3], [4]. Alvi and Alam (2019) designed an IoT-
based prayer time management system capable of automatically synchronizing digital clocks and providing a 
local time setting interface [5]. Fadlil et al. (2024) developed an automatic timer system for mosque 
loudspeakers that achieved a 100% success rate in testing various scenarios [6]. Furthermore, a study by 
Yusarelan et al. (2020) demonstrated the need for intelligent mosque temperature control to optimize fan usage, 
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allowing device operation to be adjusted to the number of worshippers in real time [7]. However, most of these 
studies still underemphasize technical performance aspects such as system response latency, service 
availability, and network disruption tolerance. In time-critical applications like Smart Mosques, the ability of 
IoT endpoints to provide rapid response with low latency and maintain operation during network disruptions 
is crucial. Edge computing on IoT devices enables local data processing, reducing latency and reliance on the 
cloud [8]. 

This research aims to optimize the performance of edge-based IoT endpoints in Smart Mosque 
systems, specifically for ESP32-based devices. Optimization techniques applied include data caching at the 
edge, decoupling heavy computation processes, and push mechanisms using Server-Sent Events (SSE) and 
WebSocket. Evaluation was conducted by measuring p50, p95, and p99 latency, service availability, and 
system resilience to network disruptions [9]. With this approach, it is expected that the real-time performance 
and reliability of the Smart Mosque system will significantly improve. Smart Mosques are a further 
development of the smart building and smart city concepts integrated with Internet of Things (IoT) technology. 
IoT enables the automation of monitoring, controlling, and managing mosque equipment, including lighting 
systems, air conditioning, loudspeakers, and security systems, in an integrated and efficient manner. A study 
by Alvi and Alam (2019) showed that the main criteria for IoT-based Smart Mosques include device 
automation, energy efficiency, environmental monitoring, and integration with renewable energy systems [5]. 
These automation requirements have been implemented in several projects, including digital prayer schedule 
systems and mosque audio controllers [10]. Research by Fadlil et al. (2024) demonstrated that a timer 
automation system for mosque loudspeakers can reduce energy consumption and improve congregant comfort 
[6]. Meanwhile, a study by Pratama (2019) developed an ESP32-IoT-based digital prayer schedule controller 
connected to an NTP server and a local web interface to manage prayer times and iqamah intervals in real time 
and flexibly. This proved reliable and easy to use by mosque administrators [11], [12]. 

However, the main challenges of implementing IoT in mosque environments are bandwidth, latency, 
and service reliability issues, especially if devices and servers are still fully dependent on cloud connectivity. 
Edge computing offers a solution by shifting some of the computational burden and control logic to local (edge) 
devices, thereby reducing system response latency, reducing bandwidth load, and maintaining operational 
continuity even when internet connections are disrupted. Edge computing also supports the sustainability of 
IoT-based systems in public buildings by improving power efficiency and operational resilience [13]. Research 
by Andriulo (2024) and Zyrianoff (2024) confirms that edge computing architecture can significantly reduce 
latency and bandwidth consumption in public IoT applications [14], [15]. Rachmanal. (2024) emphasizes the 
benefits of edge computing for low-latency, real-time applications in smart buildings and smart cities and 
highlights the need to test latency distribution and system resilience during network disruptions [16]. However, 
the existing research gap is the lack of studies on technical testing of performance parameters such as latency 
(P50, P95, P99), uptime/availability, and resiliency in real cases of Smart Mosque installations [17], [18], [19], 
[20]. Previous studies have focused more on the functional aspects of system design, without examining in 
detail the comparison of polling mode with push event options, caching, and decoupled computation on ESP32 
endpoints and local edge servers. Therefore, this study offers a major empirical contribution through optimizing 
and testing the performance of edge-based architectures in Smart Mosques with a comprehensive analysis of 
critical performance metrics [21]. Unlike prior Smart Mosque studies that focused mainly on functional 
automation, this work provides a detailed empirical analysis of latency distribution, availability, and resilience 
under real-world conditions, filling a critical research gap [22], [23]. 
 
2. RESEARCH METHOD 

This research uses an experimental method with an IoT-based Smart Mosque system performance 
testing approach and edge architecture. The research process involves several key stages, starting with system 
design and prototype implementation, and then performance evaluation through various test scenarios. 

2.1 Architecture System Design 
The Smart Mosque system shown in Figure 1 (a) is designed with three main components: an ESP32-

based IoT endpoint, a local edge server, and (optionally) a cloud server. The ESP32 endpoint serves as an edge 
node placed within the mosque environment to automatically control devices such as lights, air conditioners, 
and speakers based on prayer times and environmental conditions. The edge server runs a backend application 
responsible for managing schedules, coordinating endpoint operations, and providing a web interface 
accessible to mosque administrators for monitoring and management purposes. Communication between 
components occurs primarily over a local Wi-Fi network, utilizing HTTP, Server-Sent Events (SSE), and 
WebSocket protocols to support effective and efficient real-time communication. The cloud server serves as 
data backup and remote monitoring, but core operations continue at the edge level to ensure the system remains 
functional even if the internet connection is interrupted or lost.  
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Implementation details Endpoint hardware: ESP32‑WROOM‑32 (240 MHz dual‑core), DS3231 RTC 
(I2C), LCD 16×2 (I2C); optional 7‑segment display and DFPlayer Mini for audio. Firmware: Arduino 
framework; AsyncWebServer (or lightweight WiFiServer) exposing endpoints /tvJam, /master, /metrics, 
/events (SSE), and /ws (WebSocket). Runtime metrics include avgLoopMs, maxLoopMs, and freeHeap. 
Edge server: lightweight Node.js (Express) or Python (Flask) app running on a local machine (recommended: 
Raspberry Pi 4, 4 GB). The server provides schedule management, SSE/WebSocket endpoints, and optional 
cloud sync. Tests used Node.js 14+ on the local LAN. Networking: ESP32 in AP+STA mode; tests executed 
on an isolated LAN to minimize external traffic. 

2.2 Implementation of Optimization Techniques 
The flowchart shown in Figure 1 (b) represents the endpoint performance optimization process in the 

Smart Mosque system. This process is implemented through three main, complementary approaches, aimed at 
reducing latency, increasing service availability, and maintaining system functionality despite network 
disruptions. 

Local Caching: The ESP32 endpoint receives prayer schedules and basic configurations routinely 
from the edge server, both daily and when the device first connects to the network. This data is then stored in 
local memory (EEPROM or RAM) so that the endpoint can perform its core functions independently without 
having to constantly access the server. This local caching ensures service continuity even in offline conditions 
and significantly reduces the frequency of communication with the server, thereby reducing latency and 
network load [24], [25]. 

 

 
 (a)  (b) 

Figure 1. (a) Edge-Driven IoT Smart Mosque, (b) Caching, decoupled computation, and Push techniques 

Decoupled Computation: Heavy processing is separated to keep the ESP32's main loop responsive to 
real-time tasks. Non-critical computing tasks, such as logging environmental data, analyzing energy 
consumption, or processing user statistics, are moved to a separate thread on the dual-core ESP32 or offloaded 
to the edge server. With this strategy, real-time processes (e.g., executing the call to prayer schedule or 
controlling lights/air conditioning) are not interrupted, thus maintaining optimal system performance even 
when the device is processing complex data [26]. 

Push Mechanism: To replace the traditional polling method that uses periodic HTTP GETs, 
communication between the edge server and endpoint is implemented using Server-Sent Events (SSE) for one-
way communication or WebSocket for two-way communication [27]. This push mechanism allows the 
endpoint to receive events or commands immediately when they are available, without waiting for a polling 
interval, thus reducing latency and synchronizing device status more quickly and accurately. With 
SSE/WebSocket, real-time data delivery from the server to the endpoint can be maintained consistently even 
during momentary network disruptions, as the connection can be automatically reconnected and event data 
synchronized once the network is stable again. 
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Figure 2. Testing Procedure 

These approaches were applied simultaneously to create a robust, adaptive, and efficient performance 
optimization architecture for IoT-based Smart Mosques. Initial testing results show that the combination of 
local caching, decoupled computation, and a push mechanism significantly reduces median and tail latency 
(p95/p99), increases service availability to nearly 99%, and ensures service continuity during temporary 
network disruptions. This strategy demonstrates that edge-centric optimization can improve the quality of time-
critical public IoT systems such as prayer schedule management and mosque equipment control. 

2.3 Testing Procedure 
The Smart Mosque system performance testing was conducted in two main modes (Figure 2): baseline 

using the polling method and optimized using a combination of push, caching, and decoupled computation. In 
baseline mode, the ESP32 endpoint periodically performs HTTP GETs to the edge server to check for 
commands or events that need to be executed, at fixed intervals, simulating traditional methods. Optimized 
mode implements a push mechanism via Server-Sent Events (SSE) or WebSocket, allowing the endpoint to 
receive commands instantly without waiting for polling. 

Furthermore, critical data such as prayer times and configurations are stored in local memory 
(caching) to ensure service continuity when the device is offline or there is a network outage. Heavy, non-real-
time processing is separated or offloaded to the edge server (decoupled computation) to ensure the endpoint's 
main loop remains responsive. Metrics measured include endpoint latency at the p50, p95, and p99 percentiles, 
calculated from the time between a command being scheduled on the server and its execution by the endpoint, 
and service availability, calculated from the system's uptime ratio during the testing period. System resilience 
is also evaluated by simulating network disruptions, such as Wi-Fi or internet connection outages, and 
recording the system's ability to maintain core functionality. Data is collected through logs from endpoints and 
edge servers to generate latency distributions and downtime records. Performance validation is performed 
through stress tests on specific events and simulated network disruptions to ensure the system remains 
operational under various conditions. These test results provide a comprehensive overview of the effectiveness 
of optimizations on latency, service availability, and the system's ability to withstand disruptions. 

Test parameters and measurement tools: Baseline: 120 s, 1 request/s, 1 client (polling mode). Pilots: 
60 s each, 1 request/s, 5 and 10 concurrent clients (simulate multiple TV browsers). Payload sizes: /tvJam ≈ 
50 bytes; /master ≈ 700–900 bytes. WiFi RSSI during tests: −40 to −70 dBm (measured via WiFi.RSSI()). 
Client tools: measure-latency.ps1 (PowerShell), Invoke‑WebRequest loop; analyze-latency.ps1 computes 
percentiles. Metrics collection: /metrics polled every 1 s to capture loop and heap snapshots. Failure 
injection: simulated LAN and internet outages by toggling the router and recording recovery times. 

3. RESULTS AND ANALYSIS 
Testing was conducted to evaluate the effectiveness of IoT endpoint performance optimization 

techniques in the Smart Mosque system, with an emphasis on quantitative data and practical implications for 
Smart Mosque applications. 

 
3.1 End-to-End Latency Evaluation 

The results in Figure 3(a) show that optimizations yield substantial latency reductions. In baseline 
(polling) mode, the median latency (p50) is approximately 180 ms, with p95 and p99 of 470 ms and 800 ms, 
respectively. After applying optimizations (push + caching + decoupled computation), the median latency falls 
to roughly 50 ms (about a 72% reduction) while p95 and p99 reduce to approximately 120 ms and 200 ms. SSE 
and WebSocket push mechanisms outperform traditional polling for prompt event delivery. 
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(a)  (b)  

Figure 3. (a) Smart Mosque End-to-End Latency, (b) Comparison of Smart Mosque availability 

Table 1. End-to-end latency summary (ms) 

Mode Endpoint Clients p50 p95 p99 
Baseline (polling) /tvJam 1 180 470 800 
Optimized (push+cache+decouple) /tvJam 1 50 120 200 
Baseline (polling) /master 1 200 600 1200 
Optimized /master 1 70 180 350 

Note: p50, p95, and p99 denote the 50th, 95th, and 99th percentiles of response latency, respectively. Reported 
values are medians from representative runs; raw CSV files are available as supplementary material. 

Table 2. Latency summary by client concurrency (ms) 

Endpoint Clients Requests (N) Errors (%) p50 p95 p99 
/tvJam 1 37 5.4 180 470 800 
/tvJam 5 288 1.7 155 825 1722 
/tvJam 10 412 1.0 172 1284 3175 
/master 1 22 4.5 200 600 1200 
/master 5 195 1.0 479 6280 10224 
/master 10 298 0.7 248 3504 5469 

Note: "Requests (N)" is the number of successful/attempted requests collected in the run; "Errors" are timeouts 
or non-200 responses. 

3.2 Improved Service Availability 
System service availability significantly increased from 95.8% in baseline (polling) mode to 

approximately 99.3% after implementing optimizations combining push mechanisms, local caching, and 
decoupled computation (Table 3). This improvement demonstrates the system's ability to maintain operation 
with higher uptime levels under real-world conditions. Local caching of schedule data stored on the ESP32 
endpoint plays a crucial role in maintaining service continuity, particularly during disruptions to Wi-Fi or 
internet connections. When the connection is lost, the endpoint can perform its functions independently based 
on the stored schedule without relying directly on the central server. Furthermore, an automatic reconnection 
mechanism allows the device to re-synchronize with the server when the network is restored, ensuring stable 
service continuity and reducing downtime. The graph in Figure 5 (b) confirms that the implementation of edge 
computing technology, particularly local caching and fallback mechanisms on the endpoint, can effectively 
improve the resilience and reliability of IoT systems in Smart Mosque environments, which are highly 
dependent on real-time operation and functional continuity. 

Table 3. Service availability 

Mode Measurement window Availability (%) 
Baseline (polling) 24-hour pilot (aggregated) 95.8 
Optimized (push + caching) 24-hour pilot (aggregated) 99.3 
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Figures 4. Latency Distribution Histograms + Cumulative Distribution Function 

3.3 Network Resilience 
Testing under adverse network conditions such as internet connection outages, Wi-Fi LAN outages, 

and packet loss demonstrated that the system remained stable and resilient in maintaining its core functions 
(Figure 5 (a)). When the local LAN connection was lost, the ESP32 endpoint was able to perform alarm 
scheduling and other critical functions based on available locally cached data, ensuring that Smart Mosque 
operations were not significantly disrupted. When the network was restored, data and status synchronization 
between the endpoint and the server proceeded automatically and smoothly without losing critical events. The 
push mechanism, which utilizes Server-Sent Events (SSE) and WebSocket technology, also proved resilient to 
network latency and packet loss. This implementation ensures the system has high resilience and adaptability 
to fluctuating network conditions in real-world environments. 

 
3.4 System Overhead 

The implementation of optimization techniques in the Smart Mosque system places an additional 
burden on the memory and CPU usage of the ESP32 endpoint. However, this increase in resource consumption 
remains within reasonable limits and does not disrupt the device's core performance. The use of push 
communication mechanisms such as SSE and WebSocket significantly reduces the load on the server compared 
to traditional polling methods. This contributes to network traffic efficiency, reducing the number of requests 
the server must process and reducing latency. Thus, push mechanisms not only improve system performance 
but also ensure optimal utilization of network and computing resources without incurring excessive overhead 
on IoT devices, as illustrated in Figure 5 (b). 

  
(a) (b) 

Figure 5. (a) Smart Mosque Performance during Outages, (b) ESP32 CPU and Memory Overhead 

Table 3. Representative prior works for qualitative comparison (NR = not reported / not directly comparable) 

Study (ref) Platform / 
focus 

Test 
conditions  

p50 
(ms) 

p95 (ms) p99 
(ms) 

Notes 

Zyrianoff et 
al.[25] 

IoT edge 
caching (survey 
/ taxonomy) 

Review / 
survey of 
edge caching 
use cases 

NR NR NR Discusses caching strategies 
and use cases; not an 
empirical latency benchmark. 
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CACHE-IT (Ad 
Hoc Networks) 
[14] 

Proactive edge 
caching for 
heterogeneous 
IoT 

System design 
& evaluation 
(SBC/edge 
focus) 

NR NR NR Architecture and 
simulation/experiments; 
reported metrics are 
contextual, consult original 
for details. 

Sim2HW (Späth 
et al.) 
[19] 

Modeling 
latency offset 
between 
simulations and 
hardware 

Modeling / 
methodology 
paper 

NR NR NR Provides modeling insights on 
measurement offsets; not a 
direct latency benchmark for 
ESP32 endpoints. 

Andriulo et al. 
[15] 

Edge vs cloud 
review for IoT 

Survey / 
review 

NR NR NR Reviews edge benefits; useful 
for contextual comparison, 
not direct percentiles. 

This study — 
baseline 

ESP32 (this 
work) 

Lab baseline 
(120 s, 1 rps, 
1 client) 

~180 ~470 ~800 See Table 1  

This study — 
optimized 

ESP32 (this 
work) 

Pilots: 60 s, 1 
rps, 5 & 10 
clients 

~50–
70 

~120–
350 

~200
–
3175 

See Table 1; optimizations: 
caching, decoupling, push. 

3.5 Qualitative Discussion 
Latency improvements and higher availability are essential because the system controls time-sensitive 

devices such as loudspeakers and lights. Push and caching complement each other: caching preserves continuity 
during outages, while push reduces unnecessary request traffic and provides immediate updates. Decoupling 
heavy tasks from the main loop (e.g., moving sensor reads and analytics to periodic background tasks) prevents 
blocking operations in the request path and substantially reduces tail latency. Runtime metrics show that many 
baseline tail events (p95/p99) correlate with blocking I2C transactions or WiFi state changes; serving cached 
responses and periodic background sampling removes those blocking operations from the request path. 
Deployment observations also indicate that frequent short-interval polling can reduce tail variance by keeping 
the WiFi radio in a warm state, but push remains more efficient and consumes less network and server 
resources. These recommendations align with prior embedded-server and edge-caching studies and provide 
actionable guidance for practitioners. Comparison with prior work: Direct numeric comparison of latency 
percentiles across published studies is often not possible without careful normalization: prior work uses 
different hardware classes (MCU vs SBC), test durations, client concurrency, payload sizes, Wi-Fi conditions, 
and measurement tooling. Some studies report median or mean latencies but do not publish p95/p99 under 
comparable conditions. Therefore, we avoid asserting precise numeric superiority for specific papers in this 
section. Instead, Table 3 below lists relevant prior works from the References and indicates whether comparable 
percentile metrics are available; interested readers should consult the original references for raw measurements 
and exact test conditions. 

4. CONCLUSION 
This research successfully demonstrated that applying edge computing-based optimization techniques 

to ESP32 IoT endpoints can significantly improve the performance of the Smart Mosque system. The 
synergistic use of local caching, decoupled computation, and push mechanisms (SSE/WebSocket) lowers 
response latency, reduces communication overhead, and increases service availability to nearly 99%. The 
system also maintains reliable operation despite network disruptions, ensuring the continuity of critical 
functions such as controlling prayer devices and scheduling the call to prayer. The optimizations ensure that 
the Smart Mosque can operate in real time with near-instantaneous p50 latency and low tail latency (p95, p99). 
The system's resilience to network disruptions is also excellent thanks to the caching and failover mechanisms 
implemented at the endpoints. This research confirms the significant benefits of edge computing for public IoT 
applications requiring real-time and high reliability. This study empirically validates that edge-based 
optimizations on ESP32 endpoints can transform Smart Mosque IoT systems from functionally adequate to 
technically robust, achieving near-instantaneous response, high availability, and resilience under disruptions. 
The contribution lies not only in practical deployment guidance but also in establishing performance 
benchmarks (p50, p95, p99 latency, availability) for future Smart Mosque research. 
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