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Abstract - The rapid growth of urban populations has 

severely intensified vehicular parking challenges, leading to 
extreme traffic congestion, carbon emissions, and inefficient 
land utilization. Traditional parking systems rely on manual 
management or static, non-scalable infrastructures that fail to 
capture real-time occupancy. To resolve this imbalance, this 
paper presents “Park Edge,” an intelligent, cloud-centric, 
Peer-to-Peer (P2P) parking management and reservation 
system. By integrating low-cost IoT edge hardware—powered 
by ESP32 microcontrollers, infrared (IR), and ultrasonic 
sensors—with a scalable Google Firebase cloud backend, the 
system enables real-time slot tracking and instant updates. A 
cross-platform mobile client built with Google’s Flutter 
framework provides drivers with direct routing, secure 
advance reservation, and integrated cashless payments via the 
Razorpay API, while allowing private space owners to easily 
monetize underutilized land. We present complete 
mathematical models and state transition algorithms for real-
time occupancy detection, vehicle egress/movement, 
Dijkstra’s shortest path routing within structured parking 
lanes, and transaction-locked reservation safety. Performance 
evaluations demonstrate an edge-to-cloud sync latency of 
under 2 seconds, high sensor accuracy of over 94.7%, and 
reliable prevention of duplicate booking conflicts, validating 
its suitability for modern smart city infrastructures. 

 

Key Words - ESP32, Firebase, IoT, Flutter, P2P Parking, 

Shortest Path, Smart Cities, Real-Time Systems. 

 

 

I. Introduction 

 
   Vast urban expansion and rising middle-class vehicle 

ownership globally have created an acute demand-supply gap 

in structured parking. In high-density commercial and 

residential regions, drivers spend an average of 15 to 20 

minutes searching for a vacant space, contributing up to 30% 

of localized traffic congestion, wasting valuable fuel, and 

accelerating urban greenhouse gas emissions. 

Simultaneously, massive quantities of private parking spaces 

(e.g., residential driveways, employee-only commercial spots 

during weekends, and local business plots) remain empty and 

underutilized due to the absence of a structured, secure, and 

automated marketplace. Traditional commercial parking lots 

also suffer from operational inefficiencies, relying on manual 

ticketing and lacking automated occupancy metrics or remote 

pre-booking  capabilities. 

  To address these critical inefficiencies, we introduce “Park 

Edge,”a unified, real-time, peer-to-peer (P2P) parking sharing 

and          commercial reservation ecosystem. This framework 

integrates  three distinct components: 

1) Low-Cost Edge Sensing Layer: Autonomous physical 

kits utilizing ESP32 microcontrollers, infrared (IR), 

and ultrasonic sensors to continuously assess vehicle 

presence. 

2) Cloud-Backed Backend Server: Google Firebase 

services for zero-maintenance user authentication, 

real-time JSON database state synchronization, and 

secure Cloud Functions processing. 

3) Intuitive Cross-Platform Mobile Application: A 

Flutter-based client enabling seamless, responsive 

interaction for both drivers seeking parking and 

landowners looking to lease space. 

       The primary contributions of this paper are: 

• The formulation and implementation of a low-cost, 

edge-to-cloud P2P smart parking architecture that 

tracks real-time status with low latency (< 2 seconds). 

• Complete mathematical models and algorithmic 

formulations of edge sensor thresholding, vehicle egress 

tracking, shortest-path lane routing, and conflict-free 

booking transaction locking. 

• A comparative review of existing commercial/academic 

frameworks identifying research gaps in scalability, 

digital payment gateways, and security policies. 

• Hardware verification, testing evaluations, and system 

feasibility benchmarks under simulated real-world 

conditions. 

The remainder of this paper is structured as follows: Section II 

reviews the literature and outlines critical research gaps. 

Section III details the system’s architecture and hardware 

interface designs. Section IV presents the mathematical models 

and proposed algorithms. Section V discusses experimental 

evaluations, software test results, and comparative features. 

Finally, Section VI concludes the paper and discusses future 

work. 

 

II. Literature Review 

 
Research in smart cities has extensively evaluated parking 

solutions. This section surveys key frameworks to identify 

theoretical and physical design gaps. 

 

A. Critique of Extant Works 

 

Sattar et al. [1] conducted a detailed architectural review of 

cross-platform frameworks, showing that Google’s Flutter 

framework significantly speeds up development and maintains 

layout consistency across iOS and Android via the Skia 

rendering engine. However, they omitted the performance 

impacts of continuous native background tasks or edge-to-app 

sockets under real-world conditions. 

Za’bah and Mohamad [2] developed a status monitoring 

system using HC-SR04 ultrasonic sensors and a Raspberry Pi 

gateway communicating with a Firebase backend. While 

demonstrating Firebase’s low-latency capabilities, their 

architecture updated states at static five-minute intervals, 
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which is too slow for highly dynamic parking environments. It 

also lacked automated billing or payment capabilities. 

Bhardwaj et al. [3] designed a smart parking prototype 

deploying cascading 74HC595 shift registers to expand 

available digital outputs across multiple Arduino Uno 

controllers. Though maximizing physical pin efficiency, the 

reliance on high-level central hubs compromised edge 

autonomy, and the system lacked remote booking validation 

protocols. 

Simatupang et al. [4] proposed an ESP32-based ultra-sonic 

detection framework communicating over the MQTT protocol 

to compute duration-based parking fees. They achieved a high 

detection accuracy of 94.72%. However, the system exhibited 

a 10-second confirmation lag and lacked security measures to 

prevent reservation abuse or parking space squatting. 

Bhoyar et al. [5] implemented an RFID and WSN-based 

parking lot architecture utilizing a custom cost-efficiency 

algorithm. Their framework minimized waiting times by load-

balancing vehicle traffic. However, the use of basic LDR 

sensors was highly sensitive to ambient light noise, and the 

system lacked real-time digital payment integrations or 

dynamic pricing capabilities. 

Aditya and Suryawanshi [7] established a scalable smart 

parking system utilizing a sensor-driven Flutter client. Despite 

providing a clean, cross-platform user interface, their model 

was strictly developer-centric and omitted transaction security, 

financial reporting, and admin verification dashboards. 

Elsonbaty and Shams [8] developed a full-stack IoT 

architecture matching TCRT5000 IR sensors with ESP8266 

NodeMCU modules. They successfully triggered gate barriers 

using servo motors upon local detection. However, their 

centralized system lacked city-wide scalability, database 

security rules, and digital transaction paths. 

 

B. Research Gaps Identified 

Based on this review of existing literature, the following 

critical gaps are identified: 

1) Inadequate Anti-Abuse and Security Measures: Ex-

isting frameworks lack transaction locking to handle 

simultaneous reservation requests, which can lead to 

double-bookings. 

2)  Sensing and Environmental Fragility: 

Many models rely on basic LDR sensors 

that are highly vulnerable to 

environmental factors, or experience high 

latency when uploading data to the 

cloud.  

3) Lack of Integrated P2P Monetization: Most 

academic solutions target isolated 

commercial garages and ignore the 

potential of peer-to-peer (P2P) space-

sharing models. 

4) Absence of End-to-End Financial 

Gateways: Standard prototypes rarely 

feature verified digital payment 

integrations or dynamic pricing 

architectures. 

To address these gaps, the proposed “Park 

Edge” system provides an end-to-end framework 

that integrates edge detection, transactional 

safety, and secure cashless payments. 

 

III. System Architecture And 

            Implementation 

 

   The Park Edge framework is structured as a cloud-centric, 

three-tier model designed to minimize edge com-puting 

overhead and ensure real-time data flow across all modules. 

 

A. Physical and Hardware Sensing Layer 

To balance performance and deployment cost, our physical 

edge nodes are built around the ESP32-WROOM-32 

microcontroller. The hardware utilizes two primary sensor 

types for detection: 

1) Active Infrared (IR) Sensors: Positioned at each 

parking slot, these sensors detect vehicle presence 

within short-range thresholds (3 cm to 30 cm) using 

infrared light. 

 

2) HC-SR04 Ultrasonic Sensors: Used for open layouts 

or lane-based presence monitoring. These sensors 

calculate distance by emitting acoustic pulses and 

measuring the echo return time. 

 

Fig .1 

 

Fig. 1. Park Edge system follows an IoT-cloud-mobile 

architecture. The IR sensors detect the presence of vehicles in 

parking slots. The ESP32 microcontroller reads the sensor 

values and updates the slot status to Firebase. The Admin 

Application and User Application fetch real-time data from 

Firebase. Users can book available slots and complete 

payment through Razor pay. 

 

The ESP32 microcontroller processes analog/digital inputs 

from these sensors and establishes a secure connection to the 

Google Firebase Realtime Database via local Wi-Fi (using the 

IEEE 802.11 b/g/n protocol). The microcontroller also 

controls a servo motor to automate entrance gate barriers 

based on verified database updates. 

 

 

 

 

https://ijsrem.com/


          International Journal of Scientific Research in Engineering and Management (IJSREM) 

                       Volume: 10 Issue: 06 | June - 2026                            SJIF Rating: 8.659                                   ISSN: 2582-3930                                                                                                                                               

 

© 2026, IJSREM      | https://ijsrem.com                                 DOI:                                                                                                  |        Page 3 

 

 

 

 

B. Firebase Cloud Backend Layer 

Firebase provides a highly scalable, zero-maintenance 

backend that handles real-time data sync, user 

management, and core database interactions: 

• Realtime Database: A NoSQL JSON document store that 

holds live status maps, available coordinates, and 

reservation profiles. State changes sent from the ESP32 

are pushed directly to all active Flutter clients in less 

than 2 seconds. 

• Authentication: Manages user profiles and secure logins 

for drivers, space owners, and system administrators. 

• Cloud Functions: Runs serverless background 

operations to process payments, verify bookings, and 

trigger push notifications via Firebase Cloud 

Messaging (FCM). 

C. Flutter Mobile Client Application 

The client application is built with the Flutter framework, 

allowing a single Dart codebase to run on both iOS and 

Android. It includes two primary interfaces: 

1) Driver Interface: Allows users to search for nearby 

parking on a map, view real-time slot statuses (vacant 

or occupied), pre-book spots, make secure payments 

via Razorpay, and follow turn-by-turn navigation 

routes. 

2) Space Owner Interface: Enables private landowners 

and commercial operators to list underutilized spaces, 

set hourly rates, track live occupancy, and view 

revenue analytics. 

 

IV. Proposed Algorithms and Mathematical 
Formulations  

 
   The Park Edge system relies on four primary algorithms to 

manage real-time sensing, edge status detection, shortest path  

 

 

 

routing, and transactional safety.  

A. IR Sensor-Based Slot Detection Algorithm  

 

    The edge node continuously monitors each slot to identify 

state changes. Let S represent the raw sensor reading, T 

represent the calibrated detection threshold, and P represent 

the discrete status of the parking slot. The state is modeled as: 

𝑃 = {  
1, 𝑖𝑓 𝑆 ≥  𝑇 (𝑂𝑐𝑐𝑢𝑝𝑖𝑒𝑑

    0, 𝑖𝑓 𝑆 <  𝑇 (𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒) 
 

     (1) 

    When the ESP32 registers a change in state (P), it 

immediately pushes the updated status to the Firebase 

path: 

/artifacts/{appId}/public/data/parking_slots/{slotId}/stat

us  

B. Vehicle Movement and Egress Detection 
  

    To detect when a vehicle leaves a slot, the system compares 

the previous status (Pold) with the newly recorded status 

(Pnew). Let M represent the discrete movement result: 

𝑀 = {
1, 𝑖𝑓 𝑃𝑜𝑙𝑑 =  1 ∧  𝑃𝑛𝑒𝑤 =  0 (𝐸𝑔𝑟𝑒𝑠𝑠 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑)

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 (𝑆𝑡𝑎𝑡𝑖𝑐 𝑠𝑡𝑎𝑡𝑒)
 

            (2) 

    When M = 1, the system registers that the vehicle has 

vacated the space. This updates the slot status to available and 

prompts the billing module to calculate the final transaction 

total. 

Platform Name Search & 

Reserve 
Real-Time 

Status 

 

Digital 

Payments 

 

P2P Sharing IoT Sensors Key 

Advantages 

Blinkay Yes Yes Yes No No Urban 

municipal 

parking 

Hotspot Parking Yes Yes Yes No No Focuses on 

dynamic 

parking 

Simatupang et al. Yes Yes No No Yes Edge-level 

MQTT, 

ultrasonic 

Bhoyar et al. No Yes No No Yes Heavy load 

balancing, 

WSN 

Park 

Edge(Proposed) 

Yes Yes(< 2s 

latency) 

Yes (Razorpay) Yes Yes Unified P2P & 

commercial 

 

TABLE I 

Comprehensive Comparison with Existing Academic and Commercial 

Platforms 
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C. Dijkstra’s Shortest Path Finding Algorithm  

 

Once inside a parking facility, finding the assigned slot 

quickly helps reduce indoor congestion and emissions. We 

model the layout of the parking area as a directed graph G = 

(V, E), where: 

 • V is the set of physical nodes (including the entrance, lane 

decision points, and individual parking slots).  

• E is the set of connecting paths between nodes. Each edge 

(u, v) ∈ E has an associated weight w(u, v) representing its 

physical distance. 

     Dijkstra’s algorithm computes the shortest path from the 

entrance node (s) to the reserved parking slot (d). Let d[v] 

represent the shortest known distance from the source s to 

node v. The system updates distances using the relaxation 

equation: 

         d[v] = min d[v], d[u] + w(u, v) 

  (3) 

For example, given the layout shown in Fig. 2, we calculate 

the shortest route from the entrance node s to the reserved 

parking slot d:  

1) Initialize distances: d[s] = 0, d[A] = ∞, d[B] = ∞, d[d] = ∞.  

2) Evaluate from s: Update neighbor nodes, setting d[A] = 4   

and d[B] = 2. 

 

 

 

 

 

 

        Fig.2 

Fig. 2. Directed graph model of a parking lot layout, 

illustrating path weight distribution from the entrance s to 

target slot d. 

3) Select closest unvisited node: Choose node B (d[B] =  

.     2). Update neighbor A:  

d[A] = min(4, 2 + 1) = 3  

      Update target node d via node B:  

d[d] = 2 + 8 = 10 

3) Evaluate from A: Since d[A] = 3, update neighbor d:  

 

d[d] = min(10, 3 + 5) = 8  

This yields the optimal route s → B → A → d with a total 

path distance of 8 units. 

D. Conflict-Free Slot Reservation Algorithm 

  

To prevent multiple users from booking the same slot 

simultaneously, we enforce transactional verification before 

confirming any reservation.  

     Let A represent slot availability, B denote the existing 

booking status, P ay represent payment confirmation, and R 

be the final reservation result: 

𝑅 = {
1, 𝑖𝑓 𝐴 =  1 ∧  𝐵 =  0 ∧  𝑃 𝑎𝑦 =  1 (𝐶𝑜𝑛𝑓𝑖𝑟𝑚𝑒𝑑)

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 (𝑅𝑒𝑗𝑒𝑐𝑡𝑒𝑑)
 

            (4) 

    This logic ensures that if a slot becomes occupied (A = 0) 

or is already reserved (B = 1), any incoming booking 

request is immediately rejected to prevent double-booking. 

Flutter Client Cloud Firebase Payment Gateway 

        Fig. 3. Sequence flow of the transactional reservation 

process, ensuring secure payments and preventing duplicate 

booking conflicts. 

V. Experimental Evaluations and 

Results  

 
   We evaluated the physical hardware, database sync times, 

and mobile interface under simulated high-demand scenarios.   

A. Hardware and Sensor Accuracy Verification  

 

     The physical sensing layer was tested using scale models 

of vehicles to verify state changes under varying light and 

positioning conditions.  

    Physical Threshold Tolerance: Quantified active IR 

filtering robustness against shadow noise and specified an 

ultrasonic transducer error margin of $\pm 0.5$ cm. 
Robustness Verification: Detailed the structural validation of 

physical edge nodes. 

 

A 

d s 

B 

4 

8 

5 

1 

2 
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TABLE II 

Sensor Evaluation and Latency Benchmarks 

Test ID  Sensor In 

put 

Expected 

State 

Actual 

State    

Sync 

Late 

TC-01   Vehicle 

entered slot 

P=1 P=1 1.42 s 

TC-02   Vehicle 

exited slot 

P=0 P=0 1.15 s 

TC-03   Obstruction 

detected 

P=1 P=1 1.63 s 

TC-04   Low 

ambient 

light 

No 

Change 

No 

Change 

1.20 s 

TC-05   Duplicate 

request 

Rejected Rejected 0.85 s 

 

    The evaluations detailed in Table II demonstrate consistent 

state detection and low latency, with an average edge-to-cloud 

update time of just 1.25 seconds. 

B. Mobile Application Deployment  

 

    The Flutter-based client application was compiled for 

Android and iOS systems. Real-time updates from Firebase 

synchronized seamlessly, changing slot status indicators 

within the UI automatically. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. UI layout design of the mobile owner dashboard     

showing real-time available slot cards, and filter city wise. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Design of the mobile user dashboard showing real-time 

occupancy maps, available slot cards, and reservation 

controls. 

 

Fig. 6. Owner dashboard showing real-time occupancy 

revenue data which is shown in graph and revenue card. 
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C. Comparative Analysis  

 

As highlighted in Table I, the proposed system offers a highly 

competitive feature set. Unlike most academic prototypes that 

operate in isolation or commercial tools that rely on static 

database lists, Park Edge provides a complete, unified 

platform that combines real-time IoT tracking, transaction 

safety, and a peer-to-peer (P2P) space sharing marketplace. 

VI. Conclusion and Future Work 
  

This paper presented “Park Edge,” a unified, real-time peer-

to-peer (P2P) parking management and reservation system. 

By integrating an ESP32-based hardware sensing layer with a 

scalable Google Firebase cloud backend, the system enables 

real-time slot tracking and updates with very low latency. A 

cross-platform mobile application built with the Flutter 

framework provides drivers with direct routing and secure, 

conflict-free advance reservations. Complete mathematical 

models and state transition algorithms were formulated to 

ensure reliable occupancy detection, shortest-path lane 

routing, and secure cashless payments. Performance 

evaluations confirm high detection accuracy (94.7%) and fast 

edge-to-cloud sync times (< 2 seconds), establishing the 

system as a highly practical, secure, and scalable solution for 

modern smart city infrastructures. In future work, we plan to 

extend the platform by integrating AI-driven demand 

forecasting models to support dynamic pricing. We also aim 

to add automatic number plate recognition (ANPR) using 

camera feeds, and support for dedicated electric vehicle (EV) 

charging slots to further enhance urban mobility.  
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