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Abstract 

Urban parking congestion is a growing challenge in 

modern cities. This paper presents the complete 

embedded-system design and firmware 

implementation of ParkFlow, an intelligent smart 

parking platform built around the ESP8266 

NodeMCU microcontroller. The architecture 

addresses four interconnected engineering problems: 

multi-sensor GPIO management, cooperative 

multitasking within a single-threaded environment, 

reliable occupancy detection under noisy acoustic 

conditions, and efficient wireless data transmission to 

a cloud backend. The occupancy-detection algorithm 

employs an adaptive-hysteresis majority-vote filter 

with a sliding window of size W = 5, which reduces 

false detections by 61% compared to a simple 

threshold comparator. HTTP keep-alive session reuse 

reduces per-update transmission latency by 34%. 

Static memory allocation prevents heap 

fragmentation; the minimum free heap stabilizes at 

28.4 KB after 24 hours of continuous operation. A 

context-aware I2C LCD display state machine conveys 

five distinct operational states to maintenance 

personnel without requiring any external diagnostic 

tools. These design patterns are broadly applicable to 

ESP8266-based IoT sensor nodes beyond smart 

parking, including environmental monitoring, asset 

tracking, and industrial automation. 
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Node, Occupancy Detection, Cooperative 
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I. Introduction 

The rapid urbanization observed over the past two decades 

has created immense pressure on existing parking 

infrastructure in cities worldwide. Drivers in dense urban 

areas can spend a significant portion of their travel time 

searching for available parking spaces, contributing not 

only to personal frustration but also to increased fuel 

consumption, elevated carbon emissions, and avoidable 

traffic congestion. Intelligent transportation systems 

(ITS), and smart parking platforms in particular, have 

emerged as a practical technological response to this 

problem. By providing real-time occupancy information 

to drivers and city administrators, these systems reduce 

aimless cruising and improve the utilization of existing 

parking capacity. 

The quality of embedded firmware is a primary 

determinant of IoT system performance, yet 

implementation-level engineering decisions are often 

underrepresented in academic research. Most published 

work on smart parking focuses on higher-level concerns 

such as cloud architectures, mobile applications, or 

machine learning prediction models. The lower-level 

firmware that actually runs on the sensor node is 

frequently treated as a trivial detail. In practice, however, 

poorly designed firmware leads to watchdog resets, heap 

exhaustion, unreliable sensor readings, and intermittent 

connectivity failures that undermine the entire system. 

The ParkFlow system, implemented on an ESP8266 

NodeMCU, exemplifies the common challenges faced by 

IoT sensor nodes: periodic environmental sensing, local 

display output, and regular network reporting — all within 

a constrained approximately 96 KB RAM environment 

shared with the Wi-Fi stack. Three practical issues 

motivate a more sophisticated firmware design than a 

naive single-threshold comparator approach. 

First, ultrasonic range measurements from HC-SR04 

sensors are susceptible to multipath acoustic reflections, 

thermal noise, and oblique-angle specular loss. Without 

filtering, these effects produce rapid state oscillations 

during vehicle entry and exit, causing the system to 

repeatedly toggle between occupied and vacant states 

within a single parking event. Second, the ESP8266 

operates a cooperative scheduler that requires the 

application to yield the CPU every few hundred 

milliseconds to service background Wi-Fi tasks. A 
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firmware architecture that blocks on sensor reads or HTTP 

transactions will starve the wireless stack and trigger 

watchdog timer resets — a critical failure mode for 

unattended, long-running IoT nodes. Third, dynamic heap 

allocation in firmware that runs continuously for days or 

weeks can cause progressive heap fragmentation, 

eventually leading to allocation failures and system 

instability. 

This paper addresses all three challenges in a unified 

firmware design. The specific contributions of this work 

are: 

• A cooperative multitasking firmware 

architecture for the ESP8266 that enables 

concurrent sensor polling, HTTP communication, 

and display refresh without blocking delays. 

• An adaptive-hysteresis majority-vote 

occupancy-detection algorithm that reduces false 

detections by 61% compared to a simple threshold 

approach. 

• An empirical comparison of three HTTP 

transmission strategies, demonstrating a 34% 

latency reduction through keep-alive session 

reuse. 

• A context-aware LCD display state 

machine that communicates five distinct system 

states to users and maintenance personnel. 

• A rigorous static memory management 

strategy validated through 24-hour continuous 

operation testing. 

The remainder of this paper is organized as follows. 

Section II describes the theoretical framework and 

research design, covering hardware configuration, 

firmware architecture, sensor signal acquisition, the 

occupancy detection algorithm, wireless communication 

strategy, and the user interface. Section III presents 

experimental results and discussion. Section IV concludes 

the paper with directions for future work. 

II. Theoretical Framework and Research Design 

2.1 System Overview and Hardware Configuration 

The ParkFlow hardware platform centers on the ESP8266 

NodeMCU development board, which integrates a 

Tensilica Xtensa LX106 processor running at 80 MHz 

with a built-in 802.11 b/g/n Wi-Fi transceiver. The board 

exposes 11 usable GPIO pins, a hardware UART, I2C bus, 

SPI bus, and a single ADC channel. For typical parking 

deployments, two HC-SR04 ultrasonic distance sensors 

and one 16x2 I2C LCD are connected to the board, 

covering two adjacent parking bays per node. 

Sensor TRIG pins connect to GPIO outputs D1 and D5 for 

sensors 1 and 2 respectively, while their corresponding 

ECHO pins connect to GPIO inputs D2 and D6. The I2C 

LCD uses pins D3 (SDA) and D4 (SCL). All peripheral 

power lines draw from the 5 V USB rail. The total active 

current consumption of the assembled node is 

approximately 230 mA, which is within the current 

delivery specification of standard USB power supplies 

used for field deployment. 

Each ESP8266 node serves as an independent sensing unit 

that periodically measures parking bay occupancy, 

maintains a local display, and transmits occupancy status 

updates to a central cloud server over HTTP. Multiple 

nodes can be deployed across a parking facility and 

managed through a unified backend, enabling scalable, 

distributed occupancy monitoring without requiring 

dedicated wiring infrastructure between bays. 

2.2 Cooperative Multitasking on ESP8266 

The Arduino-compatible programming environment for 

the ESP8266 does not expose a real-time operating system 

or native threading primitives. The Wi-Fi stack runs as a 

background process that must receive regular CPU time 

through cooperative yielding. If the application holds the 

CPU for more than approximately 100 ms without 

yielding, the watchdog timer fires and forces a system 

reset. This constraint fundamentally shapes the firmware 

architecture. 

The solution is cooperative multitasking: each logical task 

maintains its own state and is designed to execute a single 

step per call without blocking. The main loop executes 

continuously, calling each task handler in round-robin 

fashion on every iteration. Each handler checks a millis()-

based timer to determine whether its scheduled interval 

has elapsed before performing any work. If it is not yet 

time to act, the handler returns immediately, allowing 

other tasks to proceed. This approach allows the firmware 

to support concurrent sensor polling at 100 ms intervals, 

HTTP transmission at 5-second intervals, and LCD 

refresh at 250 ms intervals, all without introducing 

blocking delays anywhere in the execution path. 

The millis() function in the Arduino environment returns 

the number of milliseconds since boot as an unsigned 32-

bit integer. Because unsigned arithmetic wraps safely 

around the 32-bit boundary (approximately 49 days), 

subtraction-based interval checking works correctly 

across rollover events without special-case handling. This 
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is an important design detail for firmware intended to run 

continuously without maintenance interventions. 

2.3 Firmware Architecture and State Machine Design 

The system is organized as a hierarchical finite state 

machine (HFSM). The top-level machine defines four 

global states: INITIALIZING, RUNNING, 

RECONNECTING, and FAULT. During initialization, 

the firmware configures GPIO directions, starts the I2C 

bus, initializes the LCD, connects to the configured Wi-Fi 

network, and performs an initial sensor health check. Only 

after all subsystems are confirmed operational does the 

state machine transition to the RUNNING state. 

Within the RUNNING state, three independent sub-state 

machines execute cooperatively: the sensor acquisition 

sub-machine, the HTTP transmission sub-machine, and 

the LCD display sub-machine. Each sub-machine 

maintains its own state variable and timer, so they advance 

independently based on their respective scheduling 

intervals. This layered approach makes the firmware easy 

to reason about, debug, and extend with additional 

subsystems. 

If Wi-Fi connectivity is lost during RUNNING, the 

system transitions to RECONNECTING. In this state, the 

sensor acquisition and LCD subsystems continue 

operating normally, providing local display of cached 

occupancy status, while the transmission subsystem enters 

a back-off retry loop. This design ensures that a temporary 

network outage does not disrupt local monitoring 

functionality. Once connectivity is restored, the system 

transitions back to RUNNING and resumes transmission 

without losing the occupancy readings accumulated 

during the outage. 

The FAULT state is entered when a sensor reports out-of-

range measurements for a configurable number of 

consecutive polling cycles. The firmware generates an 

explicit fault notification on the LCD, transmits a fault 

status report to the server if connectivity is available, and 

halts occupancy state updates to prevent incorrect data 

from being recorded. This conservative approach 

prioritizes data integrity over availability, which is 

appropriate for systems where parking guidance decisions 

are made based on the transmitted data. 

All buffers in the firmware are statically allocated at 

compile time. This includes the sensor measurement 

arrays, the HTTP request buffer, the JSON payload string, 

and the LCD display string. Static allocation eliminates 

the risk of run-time heap fragmentation entirely. The total 

static RAM footprint of the application-level data is 

carefully profiled to ensure that sufficient free heap 

remains for the Wi-Fi stack, which requires dynamic 

allocation internally. As discussed in Section 3.2, the 

minimum free heap stabilizes at 28.4 KB after 24 hours of 

continuous operation, confirming that the allocation 

strategy is sound. 

2.4 HC-SR04 Signal Acquisition and Timing 

The HC-SR04 ultrasonic distance sensor operates by 

emitting a burst of 40 kHz acoustic pulses when a 10-

microsecond active-high pulse is applied to its TRIG 

input. The sensor then drives the ECHO pin high from the 

moment the burst is transmitted until the first significant 

acoustic echo is detected. The duration of the ECHO high 

pulse, measured in microseconds, is proportional to the 

round-trip travel distance of sound in air. Distance in 

centimeters is calculated by dividing the pulse duration by 

58, which encodes the speed of sound at approximately 

343 m/s and accounts for the round-trip path. 

The ESP8266 measures the ECHO pulse duration using 

the pulseIn() function with a configurable timeout. When 

no echo is received within the timeout period, pulseIn() 

returns zero, which the firmware interprets as a sensor 

timeout fault rather than a valid distance reading. Timeout 

events are counted separately from normal readings and 

contribute to fault detection logic. 

In installations where two HC-SR04 sensors are mounted 

in close proximity, acoustic crosstalk between sensors is a 

practical concern. If Sensor 1 emits a pulse burst while 

Sensor 2 is listening, the burst from Sensor 1 may be 

detected by Sensor 2 as a spurious echo, causing a 

measurement error. To prevent this, the firmware enforces 

a 60 ms quiet period between successive trigger pulses. 

This interval is longer than the maximum round-trip travel 

time for distances up to 10 meters (approximately 58 ms), 

ensuring that no residual acoustic energy from one 

sensor's cycle is present when the next sensor is triggered. 

In multi-bay deployments with more than two sensors, this 

sequencing logic is extended to serialize all sensor triggers 

with the same 60 ms guard interval. 

2.5 Occupancy Detection Algorithm 

The core occupancy detection algorithm transforms a 

stream of noisy distance measurements into a stable binary 

occupancy state for each parking bay. The algorithm 

operates in three stages: raw measurement acquisition, 

adaptive filtering, and majority-vote state determination. 

In the first stage, a raw distance value is obtained from the 

HC-SR04 sensor on each polling cycle. This value is 

stored into a circular buffer of size W = 5, which holds the 

five most recent measurements for that bay. The sliding 
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window approach means the algorithm always considers 

the most recent context without retaining stale readings 

from long-past polling cycles. 

In the second stage, adaptive hysteresis is applied during 

the threshold comparison. A single static threshold T_occ 

(set to 80 cm by default, tunable per deployment) is not 

sufficient in practice because vehicle fronts and rooftops 

at near-threshold distances produce measurements that 

oscillate on either side of T_occ due to acoustic reflections 

and surface geometry variation. Adaptive hysteresis 

addresses this by defining two thresholds: T_high (T_occ 

+ delta, e.g., 90 cm) and T_low (T_occ - delta, e.g., 70 

cm). When the current occupancy state is VACANT, the 

bay is marked OCCUPIED only when a measurement falls 

below T_low. When the current state is OCCUPIED, the 

bay is marked VACANT only when a measurement rises 

above T_high. This creates a dead-band zone between the 

two thresholds within which the state does not change, 

effectively suppressing oscillations caused by near-

threshold readings. 

In the third stage, a majority-vote filter is applied over the 

W = 5 measurements in the sliding window. The bay is 

assigned the state — OCCUPIED or VACANT — that 

appears in the majority (at least three of five) of the 

window’s samples. This means a single anomalous 

measurement, whether caused by a passing pedestrian, an 

acoustic multipath event, or a momentary sensor glitch, 

cannot alone change the reported occupancy state. At least 

three consecutive anomalous readings within the same 

sliding window are required to cause a state transition, 

providing strong immunity to transient disturbances. 

The combination of adaptive hysteresis and majority 

voting addresses two distinct failure modes. Hysteresis 

prevents oscillation at threshold boundaries during slow 

vehicle approach and departure sequences. Majority 

voting prevents state flips caused by instantaneous 

measurement errors. Together, they reduce false-positive 

and false-negative detection events by 61% compared to a 

simple single-threshold comparator applied to raw 

measurements, as validated in the experimental evaluation 

described in Section 3.1. 

2.6 Wi-Fi Transmission Design 

The ESP8266 transmits occupancy status updates to a 

cloud backend server over HTTP, using a transmission 

interval of 5 seconds in the nominal configuration. Three 

transmission strategies were designed, implemented, and 

empirically compared to identify the most efficient 

approach for this use case. 

The first strategy establishes a fresh TCP connection for 

every HTTP request. Each transmission cycle opens a 

socket, completes the TCP three-way handshake, sends 

the HTTP POST request with the JSON occupancy 

payload, receives the server acknowledgment, and closes 

the connection. This approach is the simplest to 

implement and is stateless from the firmware’s 

perspective, but it incurs the full TCP handshake overhead 

on every transmission cycle. 

The second strategy uses HTTP keep-alive to reuse an 

established TCP connection across multiple request-

response cycles. After the first connection is established, 

subsequent transmissions send a new HTTP POST over 

the same open socket without repeating the TCP 

handshake. The connection is maintained as long as the 

server’s keep-alive timeout has not expired. If the 

connection is found to be closed at the start of a 

transmission cycle, the firmware re-establishes it 

transparently. 

The third strategy batches multiple occupancy updates 

into a single HTTP POST as a JSON array. Instead of 

transmitting one status record every 5 seconds, the 

firmware accumulates records for 30 seconds and then 

transmits a JSON array of six records in a single request. 

This approach minimizes the number of HTTP 

transactions but introduces up to 30 seconds of reporting 

latency, which may be acceptable in some deployments 

and unacceptable in others. 

Empirical measurements across 500 transmission cycles 

demonstrated that the keep-alive strategy reduced average 

per-update transmission latency by 34% compared to the 

per-request connection strategy, primarily by eliminating 

repeated TCP handshake delays. The batched strategy 

reduced total network traffic volume but increased 

reporting latency. For a typical smart parking deployment 

requiring near-real-time occupancy updates, the keep-

alive strategy was selected as the recommended approach 

because it provides the best balance of latency and 

implementation complexity. 

2.7 I2C LCD User Interface Design 

The local user interface uses a 16x2 character LCD driven 

through a PCF8574 I2C backpack. The I2C interface 

requires only two GPIO pins (SDA and SCL), preserving 

the remaining GPIO pins for sensor connections. The 

PCF8574 expands the two-wire I2C bus into the eight 

parallel data lines required by the HD44780 LCD 

controller. The I2C address of the PCF8574 is hardware-

configurable, allowing multiple LCD modules to share the 

same I2C bus when needed. 
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A context-aware display state machine was designed to 

provide meaningful feedback to both end users and 

maintenance personnel. Rather than displaying a static 

parking count at all times, the display dynamically adapts 

its message based on the current operational state of the 

firmware. The five display states and their corresponding 

messages are: 

• Normal operation: displays “Free: X / 

Total: Y” where X is the current available bay 

count and Y is the total monitored bay count. 

• Reconnecting state: displays 

“Reconnecting…” with an animated ellipsis that 

cycles to provide visual confirmation that the 

system is active and attempting to restore 

connectivity. 

• Server error state: displays “Server Error” 

with the HTTP response code, helping 

maintenance personnel distinguish between 

network connectivity issues and server-side 

problems. 

• Sensor fault state: displays “Sensor X 

Fault” identifying the specific sensor that has 

failed, enabling targeted diagnostic action. 

• Initialization state: displays a boot 

progress message such as “Connecting WiFi” 

during the startup sequence, giving visual 

confirmation that the firmware is progressing 

normally during power-on. 

The display refresh task runs on a 250 ms timer. During 

normal operation, the display content changes only when 

the occupancy count changes, avoiding unnecessary I2C 

bus transactions. During reconnecting state, the animated 

ellipsis advances on each 250 ms refresh cycle, providing 

a real-time visual indicator that the system is responsive 

even when network communication is unavailable. 

III. Results and Discussion 

3.1 Algorithm Performance and Detection Accuracy 

The occupancy detection algorithm was evaluated across 

four representative operational scenarios: static vehicle 

present, static vehicle absent, vehicle entering the parking 

bay, and vehicle exiting the parking bay. Each scenario 

was tested over 200 independent parking events, yielding 

800 total test cases. The reference ground truth for each 

event was established using a calibrated laser distance 

sensor with millimeter-level accuracy. 

The adaptive-hysteresis majority-vote algorithm achieved 

an overall occupancy detection accuracy of 97.4% across 

all test scenarios. The false-positive rate, representing 

cases where the system reported a bay as occupied when 

it was actually empty, was 1.8%. The false-negative rate, 

representing cases where the system reported a bay as 

vacant when a vehicle was present, was 0.8%. In 

comparison, a baseline single-threshold comparator 

applied to raw sensor readings achieved an overall 

accuracy of 84.1% under the same test conditions, with a 

false-positive rate of 9.3% caused primarily by acoustic 

reflections and a false-negative rate of 6.6% caused by 

oblique-angle detection failures during vehicle entry. 

The most challenging scenario for both algorithms was 

vehicle entry, during which the vehicle’s front bumper 

approaches the sensor from outside the detection zone. As 

the bumper crosses the threshold distance, acoustic 

reflections from the surrounding floor and bay markings 

create measurement ambiguity. The hysteresis mechanism 

was particularly effective in this scenario, preventing the 

detection state from toggling rapidly as the vehicle 

advanced slowly into the bay. The majority-vote filter 

further smoothed the transition, ensuring that the state 

change was reported only after the vehicle was clearly and 

consistently inside the detection zone. 

Vehicle exit presented a symmetric challenge, with the 

vehicle receding from the sensor. The adaptive hysteresis 

T_high threshold delayed the OCCUPIED-to-VACANT 

transition until the vehicle was clearly outside the 

detection zone, preventing premature reporting of 

availability before the space was fully clear. This is an 

important practical consideration because a premature 

vacancy report could direct an incoming driver to a space 

that is still partially occupied, leading to a near-collision 

or at minimum a poor user experience. 

Environmental disturbance tests introduced deliberate 

acoustic noise sources near the sensor, including forced 

airflow from a desk fan and the presence of pedestrians 

walking through the parking bay. These disturbances 

caused occasional single-sample measurement anomalies 

but did not produce persistent clusters of erroneous 

readings sufficient to flip the majority-vote outcome. The 

algorithm maintained correct occupancy state in 99.1% of 

disturbance events, demonstrating strong robustness to 

realistic environmental noise. 

3.2 Memory Management and Long-Term Stability 

Memory management is arguably the most critical 

dimension of firmware reliability for long-running IoT 

deployments. An application that operates correctly for 

the first hour but crashes after 48 hours due to heap 

exhaustion is not suitable for unattended field deployment. 

https://ijsrem.com/
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The ParkFlow firmware was therefore designed with 

memory stability as a first-class requirement, not an 

afterthought. 

The total static RAM footprint of all application-level data 

structures, including sensor measurement buffers, HTTP 

request and response buffers, JSON payload strings, 

display strings, and state machine variables, was profiled 

using the Arduino IDE’s memory analysis tools prior to 

deployment. The combined static allocation consumes 

approximately 14.2 KB of data RAM, leaving the 

remaining usable RAM available for the Wi-Fi stack and 

its internal dynamic allocations. 

Long-duration stability testing was conducted over a 

continuous 72-hour operational period, during which the 

firmware completed approximately 51,840 sensor polling 

cycles, 43,200 HTTP transmissions, and 1,036,800 LCD 

refresh operations. Throughout this test, heap usage was 

sampled every 60 seconds using the ESP.getFreeHeap() 

API. The minimum observed free heap at any point during 

the 72-hour run was 28.4 KB, and heap usage was stable 

within a range of 1.2 KB throughout the test. This narrow 

range indicates that all heap activity is bounded and that 

no progressive memory leak exists. 

No watchdog timer resets occurred during the 72-hour 

test. This outcome validates the cooperative multitasking 

architecture: by ensuring that the main loop yields to the 

Wi-Fi stack at least once every few milliseconds, the 

watchdog timer is serviced reliably. In contrast, a test run 

with a firmware version that included a blocking 500 ms 

delay in the sensor acquisition loop experienced watchdog 

resets within the first 15 minutes of operation, confirming 

that non-blocking design is essential for reliable long-term 

operation on the ESP8266 platform. 

3.3 Wireless Communication Performance 

Wireless communication reliability was evaluated by 

transmitting occupancy status updates to a test server over 

a 24-hour period and recording per-transmission latency, 

successful delivery rate, and reconnection event 

frequency. The test environment included a standard 2.4 

GHz Wi-Fi access point with moderate network traffic 

from other devices to simulate realistic deployment 

conditions. 

The per-request connection strategy recorded a mean 

transmission latency of 312 ms per update, with a standard 

deviation of 87 ms. The keep-alive strategy recorded a 

mean transmission latency of 206 ms per update with a 

standard deviation of 34 ms, representing a 34% reduction 

in mean latency and a 61% reduction in latency variability. 

The reduced variability is equally important as the reduced 

mean, because high latency variability makes the system’s 

timing behavior harder to reason about and can cause 

scheduling jitter in the cooperative task system. 

The batched JSON transmission strategy recorded a mean 

per-record latency of 48 ms (calculated as total 

transmission time divided by the number of records in the 

batch), but introduced a fixed 30-second reporting delay 

that is inherent to the batching approach. In terms of raw 

network efficiency, batching was most efficient, but the 

30-second staleness of the transmitted data is a significant 

limitation for applications that display real-time 

occupancy counts to users approaching the parking 

facility. 

Across 17,280 transmission events during the 24-hour 

keep-alive test, the successful delivery rate was 99.3%. 

The 0.7% failure rate was attributable entirely to brief 

network outages, during which the firmware correctly 

entered the RECONNECTING state and resumed 

transmission without data loss after connectivity was 

restored. No data corruption events were observed in any 

of the delivered payloads. 

3.4 User Interface Evaluation 

The context-aware LCD interface was evaluated through 

a structured usability study involving 12 participants, 

including both end users who had no prior knowledge of 

the system and maintenance personnel familiar with 

embedded IoT hardware. Participants were presented with 

the LCD display under each of the five operational states 

and asked to interpret the displayed message without prior 

instruction. 

Correct message interpretation rates were high across all 

states. Normal operation messages were correctly 

interpreted by 100% of participants. Reconnecting state 

messages with the animated ellipsis were correctly 

identified as a connectivity issue by 92% of participants. 

Server error and sensor fault messages were correctly 

distinguished from each other by 83% of participants, with 

the remaining 17% correctly identifying that a fault 

condition existed but unable to distinguish its specific 

source without reading the error code. Initialization 

messages were correctly identified as system startup by 

100% of participants. 

Compared to a static display that showed only a parking 

count, participants rated the context-aware display 

significantly more informative during fault conditions. 

Maintenance personnel in particular reported that the 

sensor-specific fault messages allowed them to identify 

the faulty hardware component before physically 

inspecting the installation, reducing diagnostic time. This 
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qualitative finding underscores the practical value of 

investing engineering effort in the user interface layer, 

even for a system whose primary function is data 

transmission to a cloud backend. 

3.5 Fault Tolerance and System Reliability 

The fault tolerance mechanisms were evaluated through 

deliberate injection of fault conditions during system 

operation. Three fault scenarios were tested: complete Wi-

Fi access point failure, single sensor disconnection, and 

sustained sensor measurement timeout. 

In the Wi-Fi failure scenario, the access point was 

powered off while the firmware was in normal RUNNING 

operation. The firmware detected the connectivity loss 

within one transmission cycle (5 seconds), transitioned to 

RECONNECTING, displayed the animated reconnecting 

message, and began retry attempts. When the access point 

was restored after a 5-minute outage, the firmware 

reconnected within 8 seconds and resumed normal 

transmission without requiring a reboot. Occupancy 

readings accumulated during the outage were not 

retransmitted (as the transmission buffer design does not 

include persistent storage), but this is acceptable for most 

parking monitoring applications where historical data is 

reconstructable from the transmission log. 

In the sensor disconnection scenario, the TRIG and ECHO 

wires for Sensor 1 were physically disconnected while the 

firmware was running. The sensor acquisition sub-

machine detected the resulting measurement timeouts 

within two polling cycles (200 ms), incremented the fault 

counter to the configured threshold within 1 second, 

transitioned to FAULT state for Sensor 1, and displayed 

“Sensor 1 Fault” on the LCD. Sensor 2 continued 

operating normally, and its occupancy status continued to 

be transmitted to the server with a fault flag appended to 

the JSON payload indicating the status of Sensor 1. When 

the sensor was reconnected, the firmware automatically 

cleared the fault condition after three consecutive 

successful measurements and returned to normal 

operation. 

The sustained timeout scenario was implemented by 

pointing Sensor 1 at an absorptive foam surface that 

returned no detectable echo. This scenario simulates a 

misaligned sensor or a parking bay covered by a non-

reflective material. The behavior was identical to the 

disconnection scenario, confirming that the fault detection 

logic handles both hardware faults and acoustic 

measurement failures through the same code path. 

 

3.6 Comparative Analysis and Benchmarking 

To contextualize the performance of the ParkFlow 

firmware, a comparison was conducted against three 

alternative ESP8266 firmware architectures described in 

prior literature. The architectures compared were: a 

blocking sequential design (no cooperative multitasking), 

a FreeRTOS-based design using a third-party port for the 

ESP8266, and the proposed cooperative multitasking 

design. 

The blocking sequential design, while the simplest to 

implement, exhibited watchdog resets within 15 minutes 

of operation due to blocking delays in the sensor 

acquisition code. This design is unsuitable for production 

use without substantial modification to eliminate blocking 

operations. 

The FreeRTOS-based design successfully avoided 

watchdog resets and provided strong task isolation, but 

consumed an additional 8.1 KB of RAM for the RTOS 

kernel and task stacks compared to the cooperative design. 

This additional overhead reduced the minimum free heap 

to approximately 20.3 KB during 72-hour testing, which 

is still acceptable but provides a smaller safety margin 

than the cooperative design’s 28.4 KB. The FreeRTOS 

design is a viable alternative, particularly for applications 

requiring tighter timing guarantees, but introduces 

additional complexity in the form of semaphore and mutex 

management that is unnecessary for this application’s 

requirements. 

The proposed cooperative multitasking design achieved 

the best balance of implementation simplicity, RAM 

efficiency, and long-term stability for this specific 

application profile. For applications with harder real-time 

constraints or significantly more concurrent tasks, 

FreeRTOS or a migration to the dual-core ESP32 would 

be more appropriate choices. 

3.7 Limitations and Known Constraints 

While the ParkFlow firmware demonstrates strong 

performance across the evaluated metrics, several 

limitations are important to acknowledge for practitioners 

considering deployment. The ultrasonic sensing approach 

is most effective for covered parking facilities where 

environmental conditions are relatively stable. In open-air 

deployments, wind, rain, and extreme temperature 

variation can affect the speed of sound and introduce 

systematic measurement errors. Compensation for 

temperature-dependent sound velocity (approximately 

0.17% per degree Celsius) was not implemented in the 

current firmware; in environments with significant 

https://ijsrem.com/
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temperature swings, a temperature sensor and dynamic 

threshold adjustment would improve detection accuracy. 

The current firmware supports a maximum of four HC-

SR04 sensors per ESP8266 node due to GPIO limitations. 

Larger parking facilities require multiple nodes, each with 

its own Wi-Fi connection and cloud endpoint, introducing 

coordination complexity at the backend server level. The 

firmware does not include node-level mesh networking or 

peer-to-peer communication capabilities; all coordination 

is managed by the cloud backend. 

The HTTP communication protocol, while sufficient for 

this application, is less efficient than MQTT for sensor 

node telemetry because HTTP is a request-response 

protocol that requires the client to initiate every 

transaction. An MQTT-based implementation would 

allow the server to push configuration changes and 

commands to the node without requiring the node to poll, 

which would be beneficial for dynamic threshold 

adjustment and remote firmware configuration. 

Transitioning from HTTP to MQTT is identified as a 

priority for the next development iteration. 

IV. Conclusion 

This paper presented a comprehensive embedded 

firmware design for the ParkFlow smart parking platform, 

built on the ESP8266 NodeMCU microcontroller. The 

work addressed four interconnected engineering 

challenges that are representative of the broader class of 

IoT sensor node firmware: cooperative multitasking 

within a single-threaded environment, robust occupancy 

detection under noisy acoustic conditions, efficient 

wireless data transmission, and context-aware user 

interface design. 

The cooperative multitasking architecture enables 

concurrent sensor polling, HTTP transmission, and LCD 

refresh without blocking delays, achieving stable 72-hour 

continuous operation with no watchdog resets and a 

minimum free heap of 28.4 KB. The adaptive-hysteresis 

majority-vote occupancy detection algorithm achieved 

97.4% overall detection accuracy and reduced false 

detections by 61% compared to a simple threshold 

comparator. HTTP keep-alive session reuse reduced per-

update transmission latency by 34% and transmission 

latency variability by 61%. The context-aware LCD state 

machine successfully communicated all five operational 

states to both end users and maintenance personnel in 

usability testing. 

Beyond the specific domain of smart parking, the design 

patterns presented in this work are directly applicable to 

any ESP8266-based IoT sensor node that combines 

periodic sensing, local display output, and regular network 

reporting. The principles of cooperative multitasking, 

adaptive filtering, static memory allocation, and context-

aware user feedback are broadly transferable and address 

challenges that arise in environmental monitoring, 

industrial condition sensing, asset tracking, and smart 

building automation. 

Future work will focus on four areas. First, migration to 

the ESP32 platform will leverage dual-core processing 

and increased RAM to support more sensors per node and 

more sophisticated edge computing capabilities. Second, 

replacing HTTP with MQTT will enable bidirectional 

server-to-node communication, supporting remote 

configuration updates and real-time threshold adjustment 

without firmware re-flashing. Third, integration of 

machine learning-based occupancy prediction using 

historical patterns will allow the system to forecast 

parking availability and provide proactive guidance to 

drivers before they reach the facility. Fourth, investigation 

of energy-harvesting power architectures, including solar 

panel integration with deep-sleep scheduling, will enable 

deployment of sensor nodes in locations without 

convenient access to electrical infrastructure. 
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