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Abstract

This paper presents the design and development of a
low-cost edge computing system tailored for industrial
barcode-driven traceability. The proposed solution
integrates a Raspberry Pi-based embedded unit with
programmable logic controller (PLC) signals to acquire,
decode, and match barcode data in real time. Following
software engineering principles, the system supports rapid
barcode scanning and time-synchronized data
transmission via an HTTP-based API, including
integration with high-speed production workflows. A
modular software architecture enhances flexibility,
reliability, and scalability. Experimental results
demonstrate a scan-to-database response time of less than
2.5 seconds and a matching accuracy exceeding 99.5%,
validating the system’s viability for low-cost industrial
settings.

Keywords: Edge computing, Software engineering,
Barcode traceability, Raspberry Pi, Industrial automation

1. Introduction

Industrial automation is rapidly evolving with
growing demands for intelligent, interconnected, and
traceable systems. Barcode-based traceability plays a key
role in ensuring process transparency, quality, and
compliance, yet most existing solutions rely on costly
cloud models that introduce latency and require stable
networks.

Edge computing offers a low-cost alternative by
enabling real-time, on-site decision-making with
platforms such as Raspberry Pi. Combined with PLCs and
RESTful APIs, these systems deliver responsive,
modular, and easily integrated solutions without network
dependency.

While prior research has focused on hardware or
cloud-based designs, few have explored low-cost,
software-engineered barcode verification that supports
real-time processing and PLC feedback. This study
addresses that gap by developing and validating an edge-
based traceability system optimized for latency-sensitive
environments.

The proposed solution integrates barcode scanning,
PLC signals, and database verification via RESTful APlIs,
achieving low latency, reliability, and scalability at
minimal cost. The remainder of this paper is organized as
follows: Section 2 reviews related work, Section 3
presents the system architecture, Section 4 discusses
experiments and results, and Section 5 concludes with
future directions.
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Fig.1 System Architecture: Real-time Barcode Traceability

2. Related Work

Recent advances in industrial automation have
underscored the growing importance of integrating
barcode-based traceability with edge computing. These
systems are increasingly adopted to improve response
times, reduce dependency on cloud infrastructures, and
enable modular, scalable manufacturing workflows.

Bi et al. [1] proposed a Docker-based smart factory
framework employing edge devices for decentralized
decision-making and reduced latency. Zhao et al. [2]
utilized Raspberry Pi platforms for cost-effective data
logging, demonstrating their suitability for industrial
settings. Wu and Wang [3] developed an MQTT-based
edge architecture supporting real-time barcode data
streams, while Pandey et al. [10] presented a low-latency
barcode verification model optimized for shop-floor
operations.

Zhang et al. [4] and Samanta et al. [5] explored
lightweight edge frameworks for visual processing in
manufacturing environments. Mehta et al. [6] achieved
real-time  barcode  traceability by integrating
programmable logic controllers (PLCs) with 10T devices.
Further, Kim et al. [7] and Jain and Singh [8] implemented
secure, scalable barcode systems by interfacing Raspberry
Pi, barcode scanners, and PLCs using OPC-UA protocols.
Security and modularity aspects in edge-based systems
are comprehensively addressed in [9].

While these studies contribute valuable insights into
hardware integration and communication protocols,
limited attention has been given to end-to-end software
orchestration, encompassing barcode scanning, decision
logic, and RESTful API-based database validation.
Moreover, few works evaluate the sustained performance
of such systems under real-world industrial conditions.

This paper extends prior research by introducing a
unified, software-engineered edge architecture that
integrates barcode matching, RESTful communication,
and PLC feedback, with an emphasis on low latency,
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economic viability, and resilience for deployment in cost-
sensitive industrial settings.

3. System Design and Methodology

The proposed system architecture is designed to
support barcode-based traceability in a low-cost, real-
time, and software-driven environment. It comprises the
following key components:

3.1 System Components

1. A USB-bhased 2D barcode reader is used to scan
product labels in real time (see Fig. 2).

2. A Raspberry Pi 4 serves as the primary computing
unit, interfacing with the barcode input, logic processing,
and output modules. It also connects to a PLC via GPIO
pins to receive trigger signals (Fig. 2).

3. HTTP-Based API Layer: The edge device
transmits scan results via HTTP POST requests to a local
Flask-based API, which acts as a middleware between the
barcode scanner and the backend database, supporting
timestamping and logging (Fig. 3).

4. A MySQL-based database stores predefined part
codes and barcode references for matching.

5. Display Interface: A web-based dashboard
provides real-time feedback, displaying barcode content,
matching results (OK/NG), and timestamps, as shown in
Fig. 3.

To ensure precise synchronization between system
components and maintain accurate timing, GPIO
interrupts are used instead of continuous polling. The
modular software design allows for easy maintenance and
scalability new barcodes or database schema changes can
be integrated with minimal disruption.

Furthermore, decision thresholds and timing
parameters are configurable within the system logic,
enabling dynamic tuning for different product lines or
workload conditions while preserving consistent system
performance.

Fig. 2 Physical setup including barcode scanner,
Raspberry Pi edge device, and PLC wiring

10.17.127.18/rgon OM_SNMapping.php? '.‘! 2750260¢

callback([{"retid":0."msg":"OK : SN-FQ75026092TIH68BW_|_SNi-021224000007"}] )

callback([{"retid":1."msg":"Error : Duplicate sn-fq75026092t1h68bw_|_sni-021224000007"}])

Fig. 3 Local dashboard showing OK/NG result,
barcode string, and timestamp

Fig. 4 Industrial deployment of the barcode system
in a real production line

Industrial deployment of the barcode traceability
system with PLC trigger, Raspberry Pi processing, and
OK/NG feedback via tower lamp and dashboard (Fig. 4).

3.2 Barcode Matching Logic

The system validates whether the scanned barcode
(B,) matches the predefined reference barcode (B,.)in the
database within a specified time threshold. The logic is
expressed mathematically as

_ (0K, if BAAt < Tpgy
M= {NG, otherwise @
Where:

Bg: Scanned barcode

B,: Reference barcode retrieved from the
database

At:  Time interval between scan and response

Tinax: Maximum allowable delay (e.g., 3
seconds)

M: Matching result ("OK" = pass, "NG" = fail
or timeout)

This  logic ensures both correctness and
responsiveness for inline wvalidation in high-speed
production environments. An industrial deployment
example is shown in Fig. 4, while a detailed sequence of
signals and processing latency from trigger to result is
illustrated in Fig. 5.
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Fig. 5 Time-sequence diagram illustrating scan-to-result latency in
relation to PLC signals and API response

3.3 Performance Metrics

System benchmarking focused on latency and
reliability under simulated production conditions. Key
results include

e Average scan-to-database response time: 2.48

seconds

e Matching accuracy: 99.5%

o Error rejection rate: 0.5%

o System uptime (30 days): 99.9%

These figures confirm that the proposed system
achieves performance levels on par with industry
benchmarks in edge-based barcode verification [4], [5],

[

3.4 Deployment Environment
The system was deployed on a real production line in an
electronics manufacturing facility in Northern Thailand,
operating continuously for 30 days under standard
industrial conditions to assess its robustness.
Physical Setup
e Hardware: Raspberry Pi 4B, USB 2D barcode
scanner, Mitsubishi FX5U PLC, tower light
indicator, and 24V-to-5V DC converter.
e Integration: The PLC triggers scanning via GP1O
pin 7, Raspberry Pi sends an HTTP POST to the
Flask API, which validates data with a local
MySQL database and updates the dashboard.

4. Experimental Results

The proposed edge-based barcode traceability system
was evaluated under real-world production conditions in
an electronics manufacturing environment. The
evaluation focused on four key performance dimensions:
response time, matching accuracy, system reliability, and
resource utilization.

4.1 Response Time

Response time was measured as the duration between
PLC-triggered scan initiation and delivery of the result.
Over 700 barcode scans were recorded, yielding an
average scan-to-database response time of 2.48 seconds
with a maximum delay of 3.0 seconds. This satisfies the
predefined constraint for real-time barcode verification

under  industrial thresholds
=3.0seconds.

For comparison, conventional barcode systems using
cloud-based services often reported average latencies of
5-7 seconds. The proposed system thus achieves a ~65%
latency reduction, which is significant in real-time

industrial operations.

latency A<T oy

4.2 Matching Accuracy

The system's decision logic was validated using
ground-truth data. It achieved an accuracy of 99.28%,
with 695 out of 700 test cases correctly matching the
reference barcode. This accuracy demonstrates the
robustness of barcode readability under real-time
constraints. Techniques such as error detection and
checksum validation were also implemented, as discussed
in Section 5.1.

4.3 System Reliability and Uptime

The Raspberry Pi edge device operated continuously
for 30 days under thermal loads (25-38°C), with no kernel
crashes, memory faults, or software exceptions. The
measured system uptime was 99.9%, confirming
robustness and suitability for continuous deployment in
industrial settings.

4.4 CPU Utilization and Performance

CPU utilization remained below 25%, and memory
usage remained under 200 MB during barcode scan
operations. This confirms the system’s efficient
performance, even with limited hardware supporting
scalability and long-term deployment on low-power
platforms.

5 Discussion
5.1 Critical Evaluation and System Trade-offs

The edge-based solution offers several benefits in
terms of latency, cost, and offline operation. However, it
presents trade-offs in scalability, centralized analytics,
and fault-tolerant recovery. As shown in Table 1, edge-
based systems operate with lower latency (2-3 sec) and
reduced cost (open-source Raspberry Pi), while cloud-
based systems offer higher scalability and centralized
management but at increased cost and dependency on
stable internet.

5.2 Comparison with Cloud-Based Systems

Table 1 provides a side-by-side comparison of edge-
based and cloud-based barcode systems, highlighting
differences across key metrics such as latency, cost, fault
tolerance, and analytics capability. These differences

guide selection depending on production scale,
environment, and budget.
Table 1 Edge vs. Cloud Barcode Systems
Aspect Edge-Based Cloud-Based
Latency Low (2-3 sec) High (5-8 sec)
Cost Low (Raspberry High (cloud license,
Pi, open-source) recurring fees)
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Connectivity
Scalability
Maintenance

Operates offline
Limited on-device
Localized, manual

Requires stable internet
Low (Raspberry Pi-based)
High (APl + PLC
interfacing)

Fault Local fallback Low (open-source +
Tolerance only modular)

Al/Data Limited

Analytics

5.3 Scope and Limitations of Experimental Setup
While the system demonstrated robust performance,
its evaluation period was limited. Future testing should
extend beyond 30 days and include edge cases such as:
o Low-quality barcodes (e.g., faded or misprinted)
e Environmental extremes (e.g., high heat or
vibration)
This ensures the setup's durability across real-world
production line variations.

5.4 Error Analysis and Diagnostics

To enhance reliability, Table 2 outlines common
error types, potential causes, and mitigation strategies. For
instance:

o Unreadable barcodes may stem from print defects
and can be mitigated using retry logic.

e Communication failures, common in network-
heavy setups, can be managed through timeout
protocols.

These proactive diagnostics ensure minimal downtime
and improved process transparency.

Table 2 Summarizes common error types and suggested strategies

200mm

much higher costs. This confirms the edge approach as a
cost-effective option for SMEs.

Table 3 Beyond technical validation, the edge-based system offers
tangible economic and social benefits.

Error Type Possible Cause Strategy

Barcode Blur or print defect Use error detection
Unreadable + retry

API| Server delay or | Include retry +
Communication network loss timeout logic

Failure

Database  Lookup | Incorrect ID mapping | Index optimization

Failure

GPIO Signal Error Electrical Shielding,
interference debounce logic

5.5 Socioeconomic and Operational Impact
Beyond technical performance, Table 3 highlights
observed benefits in real deployment. For example:
e Operational cost savings of up to 90% by reducing
cloud reliance.
o Improved product quality through inline validation
and traceability.
e Lower human error, as operators receive instant
OKI/NG feedback for self-verification.
These results demonstrate how localized automation not
only reduces cost but also supports 1ISO compliance and
lean manufacturing goals.

Table 4 compares the 30-day and 90-day evaluations of
the proposed edge system with a commercial cloud-based
solution. The edge system maintained low latency (~2.5
sec) and high accuracy (>99%) over extended use, while
commercial systems achieved similar accuracy but with

Impact Area Description Observed Benefit
Operational Cost Reduced cloud ~80-90% savings
service usage
Human Effort Improved self- Reduced rework
validation by
operators
Product Quality Inline detection and | Higher accuracy
traceability and 1SO compliance
Table 4 Long-Term Evaluation and Commercial System Comparison
Evaluation Proposed Proposed Commercial
Aspect Edge System | Edge System | Cloud-Based
(30 Days) (90 Days, | System
Extended
Test)
Average 2.48 sec 2.55sec 5-7 sec
Response
Time
Matching 99.28% 99.31% 99.5%
Accuracy
System 99.9% 99.2% 99.5%
Uptime
Operational Very Low Very Low (no | High (license
Cost (~Raspberry change) + recurring
Pi, Open- fee)
source)
Deployment High High Limited (cost-
Feasibility prohibitive)
(SMEs)

6. Conclusions and Future Work

This study presented a low-cost, software-engineered
edge computing system for real-time barcode traceability
in industrial environments. The proposed architecture
integrates embedded computing (Raspberry Pi), barcode
scanning, PLC signaling, and RESTful APIs to deliver a
fully decentralized and responsive solution.

Experimental evaluations demonstrated the system’s
robustness under real-world factory conditions,
achieving:

e 99.5% matching accuracy

e  Average response time under 2.5 seconds

e Uptime exceeding 98.9% over a 30-day

deployment

These results confirm the feasibility of deploying
edge computing for high-speed, cost-sensitive production
lines, particularly in small-to-medium enterprises (SMESs)
with limited access to cloud infrastructure.

The modular, open-source design ensures ease of
integration with existing automation infrastructure while
supporting future scalability. This contributes to the
decentralization of industrial control systems and supports
broader adoption of Industry 4.0 principles.

Future Work.
Future enhancements will focus on the following areas:
1. Advanced Error Handling
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Implementing barcode error correction algorithms and
checksum validation to increase reliability under poor
label quality.
2. Real-Time Visualization
Enabling real-time dashboard updates via MQTT or
WebSocket protocols to improve system responsiveness.
3. Cloud Integration
Extending the system to hybrid cloud-edge deployments,
supporting analytics and long-term data storage.
4. Multi-Modal Traceability
Incorporating RFID and vision-based object tracking to
expand system capabilities across diverse product types.
5. Adaptive Al Models
Exploring lightweight Al techniques to identify and
correct barcode degradation, improving robustness under
dynamic industrial conditions.

Societal and Industrial Impact
The proposed system empowers SMEs to digitize and
automate production workflows without relying on
expensive cloud services. It enables:
o Affordable Industry 4.0 adoption in resource-
constrained environments
o Improved traceability and compliance for quality-
sensitive industries
o Greater operational resilience
decentralized computing models
This work provides a scalable foundation for intelligent,
low-cost industrial automation, supporting sustainable
development and democratization of smart manufacturing
technologies.

through
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