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Abstract- Ready-to-eat (RTE) food production
plants are a high-risk environment where lapses in
food safety procedures by just a single step can
result in major public health and regulatory
repercussions. In this research, a new, data-driven
approach designed to minimize food safety non-
conformances systematically is introduced that
combines multi-source streams of data such as real-
time environmental monitoring, past compliance
history, and process control data into a common
analytical platform. By leveraging advanced
statistical modeling and machine learning-enabled
classification techniques, the system is capable of
accurately identifying operational pain points and
high-risk factors. Deployed at five different RTE
facilities within an 18-month timeframe, this
methodology achieved a 35% reduction in
significant non-conformances, 28% increase in
sanitation audit scores, and a 22% increase in
worker training efficacy. Besides, the study
identifies the strategic role of proactive leadership,
regulatory collaboration, and targeted interventions
in instilling a robust food safety culture. The
proposed model is not only consistent with
international best practices such as FSMA and ISO
22000 but also a model that can be scaled for digital
transformation in the food industry. These
outcomes position the model as a vision-led template
for establishing sustainable excellence in food
safety management.

Indexed Terms- Food safety, Ready-to-eat (RTE)
foods, Data-driven approach, Non-conformance
reduction, Environmental monitoring, Sanitation
protocols, Employee training, Process control,
HACCP, FSMA compliance

L INTRODUCTION

Ready-to-eat (RTE) food manufacturing facilities
face enormous scrutiny due to the high degree of risk
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involved with products that require no cooking before
consumption. As compared to other food
manufacturing environments, RTE facilities have
limited corrective barriers to prevent a product from
becoming contaminated and thus, proactive
management of food safety is not only a regulatory
requirement but an imperative of public health.
Despite the extensive application of internationally
accepted protocols such as Hazard Analysis and
Critical Control Points (HACCP) and the U.S. Food
Safety Modernization Act (FSMA) compliance,
repeat non-conformances like microbial
contamination, allergen cross-contact, and sanitation
failures continue to be ongoing challenges to industry
performance.

Failures for most of these are due not as much to the
absence of controls but to over-reliance on reactive
systems that cannot effectively spot the subtle, data-
hidden variables responsible for non-compliance.
Historical inspection-based models come to discover
issues only once they occur, leaving little data about
process interaction vulnerabilities and high-risk
interaction patterns at a systemic level. As food
safety risk factors grow increasingly dynamic, with
variables covering human error, equipment
performance, and environmental contamination, there
exists a critical need for an intelligent, responsive,
and proactive solution.

This study introduces an integrated data-driven
approach spearheaded by an award-winning food
safety systems engineer utilizing advanced analytics,
real-time monitoring technology, and machine
learning classification to reduce food safety non-
conformances in RTE plants. The model integrates
environmental swab data, process history, training
data, and audit findings into a secure analytical
engine with capability to identify root causes, predict
risk, and enable precision interventions. Compared to
previous patchwork practices, this integrated
approach is compliant with FSMA, Codex HACCP,
ISO 22000, and changing global traceability
standards, delivering a proactive path to operational
excellence.
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This study also reflects the broader industry shift
towards intelligent food safety systems, where data is
a strategic asset, leadership commitment is a
foregone conclusion, and collaboration with
regulatory bodies is the key to achieving sustainable
outcomes. The results not only demonstrate the
effectiveness of this strategy in action but also
highlight the promise as a scalable model for digital
transformation within the food manufacturing sector
globally.

IL. LITERATURE REVIEW

In the last two decades, food safety management has
transitioned from reactive, checklist inspections to
proactive, risk-based systems. Regulatory structures
like HACCP, FSMA, and ISO 22000 focus on
preventive controls, ongoing monitoring, and
corrective measures (Codex Alimentarius
Commission, 2020; FDA, 2015). Yet, recurring non-
conformances at ready-to-eat (RTE) food facilities
indicate that regulatory compliance is not enough for
ensuring product integrity and consumer protection.

Recent research highlights the potential of digital
technologies, such as Internet of Things (IoT)
devices, big data, and machine learning, to enhance
hazard detection and predictive control in food
manufacturing plants (Smith et al., 2024; Garcia et
al., 2023). Environmental monitoring programs
operating on continuous sensor data, for example,
have demonstrated increased detection of microbial
hotspots. Similarly, training analytics platforms
currently allow for dynamic measurement of
employee knowledge retention and map directly back
to operation non-conformances (Taylor & Nguyen,
2024).

Despite such advancements, there remains an
underlying disconnect between available
technologies and the practical use of technologies in
RTE food facilities. Most systems today are in
silos—processing  environment  data  without
connecting it to human behavior, audit trends, or
process metrics. Few documented models exist that
take these unrelated streams and consolidate them
into a centralized, actionable platform dedicated to
dealing with the complexity of operations of RTE
manufacturing.
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Table 1: Comparison of Prevailing Food Safety
Models vs. Integrated Data-Driven Framework

Traditional Digital Data-Driven

ngucllrel / HACCP || Monitoring || Framework
ode .

Systems Tools (This Study)

Root Cause

P ti Real-Ti .
Focus reventive ) ea . H.ne Analysis &
Controls || Monitoring

Prediction
Manual Integrated
Sensors & .
Data Sources Logs & . Multi-Source
. Devices
Audits Data
Response Reactive / || Real-Time || Predictive &
Type Corrective Alerts Prescriptive
Tailored to
RTE Limited No Yes
Environment
Aligned with Fully
Global Partially Depends on|| Compliant
Regulatory Vendor (FSMA,
Bodies Codex, ISO)

Further, Jones and Lee (2023) and Martinez & Smith
(2023) emphasize the importance of supply chain
traceability and consumer transparency. Such studies
fall short of the day-to-day reality of implementing
such systems at the manufacturing plant level—
where variability in equipment, people, and flow of
the process deliver unique challenges.

This divergence underlines the need for a flexible,
integrated, and facility-centric framework—one that
not only records information but translates it into
actionable knowledge. The framework presented in
this paper addresses that need by integrating
environmental, operational, behavioral, and
compliance data into a single system that supports
real-time intervention along with long-term strategic
planning.

III. METHODOLOGY

The research applied a staged methodology to
engineer and deploy an integrated, data-enabled food
safety system across five ready-to-eat (RTE) food
manufacturing facilities within 18 months. The
approach was framed to bring together disparate
flows of data, extract actionable insights through
advanced analytics, and inform targeted interventions
that meet international food safety standards.
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3.1 Phase I — Data Collection

Information were collected from the following

sources to generate a general operational image:

i.  Environmental Monitoring: Microbial swab
results (e.g., Listeria, E. coli) from the most
important areas.

ii.  Audit Findings:
compliance audits.

iii. =~ CAPA Records:
preventive  action
conformances.

iv.  Employee Training Data: Module completion, test
scores, and attendance.

v. Process Control Logs:
completion,  equipment
temperature stability.

Internal and  third-party
History of corrective and

related to past non-

Sanitation
calibration,

cycle
and

All the data were time-stamped and location-tagged
to support high-resolution trend analysis across time
and facility spaces.

3.2 Phase II — Integration and Centralization of Data
The data collected were loaded into a specially
created, encrypted relational database system with
cloud access. A shared data schema was used to
normalize formats and tag records for cross-domain
correlation (e.g., correlating microbial spikes to near
sanitation failure or under-qualified staff).

3.3 Phase IIl — Statistical & Machine Learning

Analysis

The following two large-scale analytical methods

were used:

i. Trend & Correlation Analysis: Pearson and
Spearman rank correlation coefficients were
employed to establish high correlations of non-
conformances and operation parameters.

ii.  Classification Modeling: Supervised machine
learning models (XGBoost and Random Forest)
were trained on historical data to identify key
predictors of non-conformance events. Model
accuracy ranged from 84% to 91% by site.

Example Finding: High turnover in sanitation teams
was highly linked with recurring hygiene-related
non-conformances, especially Zone 2 (post-
cooking/pre-packaging).

3.4 Phase IV — Targeted Interventions
Interventions were developed and implemented based
on analysis results:

Sanitation Optimization:
i.  Enhanced cleaning SOPs in high-risk zones.
ii. Bi-weekly ATP bioluminescence testing to
validate microbial removal.
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Training Support:
Personalized e-learning modules developed from
identified knowledge gaps.
Regular retention checks with real-time tracking.

Process Improvements:
Temperature hold verifications automated via IoT
Sensors.
Real-time alerts linked to
disruption of sanitation cycle.

dashboard for

IV.RESULTS

In five high-volume RTE food manufacturing
facilities, the data-driven approach was used to
systematically reduce food safety non-conformances
through intensive monitoring, algorithm-driven
prioritization, and targeted corrective action. The
impact of the approach was quantified on three
significant dimensions: critical non-conformances
reduction, sanitation and training performance, and
process control consistency.

4.1 Reduction in Critical Non-Conformances

The application of centralized analytics and real-time
monitoring created statistically significant reduction
in critical food safety non-conformances. Prior to
intervention, all five facilities exhibited sustained

compliance issues—particularly with sanitation
verification, allergen control, and temperature
validation.

Following intervention, an average of 35% reduction
in monthly critical non-conformances was identified
over 12 months. Sites that had more integration of
real-time monitoring systems and risk scoring on the
basis of machine learning demonstrated the highest
improvements.

Principal Findings:
The evaluation began with a complete baseline
audit to list site-specific vulnerabilities.
Prioritizing sanitation-related failures via the
classification model of the framework was
responsible for early gains.
Sites that had full digital dashboards remediated
problems faster and closed CAPA more rapidly.
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Reductich in Critical Non-Conformances
Over 12 Months Post-Intervention
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Figure 2: Number of Critical Non-Conformances per

Month Prior to and After Intervention

This finding illustrates not only performance
improvement but also operational maturity through
visibility of data and system-wide responsibility.

4.2 Sanitation and Training Performance
Improvement

Sanitation protocols were updated to control site-
specific risk factors, and weekly ATP (adenosine
triphosphate) testing was added to verify surface
cleanliness. These efforts translated into measurable

improvements:

Sanitation audit scores climbed by an average of
28.1%, based on internal QA data and third-party
audits.

The most significant gains were achieved in
Facilities B and C, where vigorous retraining of
sanitation staff was supplemented with routine
microbial spot testing in Zones 1 and 2.

Parallel improvements were achieved in employee
training performance:

Correlation-driven gaps discovered between non-
conformance incidents and knowledge tests were
addressed using bespoke e-learning modules.
Post-intervention, 22.1% improvement was seen in
training pass rates, with Facility C improving 31%
through hands-on simulation training and tiered
testing.

Table 2: Key Compliance Metrics — Before and After

Intervention
Critical Non- Sani.tation Training
Audit Assessment
- Conformance .
Facility . Score Score Facility
Reduction
%) Increase Increase
(%) (%)
A 34.2% 27.5% 19.4% A
B 37.0% 30.1% 24.7% B
C 36.4% 28.2% 31.0% C
D 32.7% 26.0% 15.3% D
E 34.9% 28.6% 20.1% E
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4.3 Operational Uniformity and Process Management
Use of automated digital dashboards enabled real-
time checking of sanitation cycles, equipment
sterilization parameters, and critical temperature
thresholds. All facilities added alarms that signaled
when specified control limits had been exceeded.

Example: Temperature compliance in cold-hold
rooms at Facility E increased from 83% to 98%
within four months due to action triggered by alarms
and revised escalation procedures.

Microbial swab results, previously recorded
manually, were trend-mapped and digitized each
week. This uncovered clusters of contamination that
were missed previously due to reporting delay or
misclassification.

®
o

Pre-Intervention

D
o

Post-Intervention - 40 30 35 25

E
o
Contamination Level

Zor;e 1 Zor;e 2 Zor;e 3 Zoné 4

Figure 2: Heat Map — Microbial Contamination by
Facility Zone (Before vs. After)

Pre-intervention  data  revealed elevated
contamination levels in packing zones (Zone 2).
Post-intervention maps revealed significant
improvement following procedural adjustments
and staff reassignment.
IV.  DISCUSSION

Implementation of a data-driven platform within
ready-to-eat (RTE) food manufacturing plants
revealed dramatic improvements in food safety
outcomes. The integration of diverse operational and
compliance data sets—between environmental
swabbing and employee training data—enabled
systems-level knowledge in food safety non-
conformances. Through the shift from reactive
correction to proactive prevention, the model closely
aligns with modern regulatory paradigms, including
the Food Safety Modernization Act (FSMA) and
Codex HACCP principles.

The 35% reduction in significant non-conformances
from 12 months (Figure 1) attests to the effectiveness
of the framework for identifying and controlling root
risk factors. Rather than seeing deviations as isolated
incidents, the analytical process placed each non-
conformance into broader patterns of operations. For
instance, connections between increased microbial
counts in Zone 1 and interruptions in sanitation
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cycles highlighted the necessity of reinforcing
cleansing procedures in zones of increased exposure.
These sanitation process improvements yielded a
28% improvement in sanitation audit scores.

One of the success drivers was the introduction of
focused employee training modules based on root
cause analysis. Knowledge gaps identified to be
linked with procedural flaws ahead of time were
typically rectified by generic refresher programs in
the past. However, by modifying training content to
cater to specific vulnerabilities—i.e., incorrect
separation of allergens or lack of hand hygiene—the
sites achieved a 22% increase in employee
assessment pass rates. This correlated directly to the
reduction of non-conformances caused by human
error, vindicating the role of human factors in food
safety performance.

Besides, heat map analysis (Figure 2) of microbial
contamination levels across facility zones provided
visual evidence in support of the post-intervention
improvements. Zones previously marked as critical
contamination hotspots showed notably reduced
microbial levels, a likely consequence of heightened
frequency of cleaning, verification procedures, and
process control. These findings are consistent with
the assertion that visual analytics—when combined
with real-time monitoring—enhance operational
transparency and accountability.

The proactive model also facilitated greater process
control. Logging and monitoring real-time data from
the pivotal control points (CCPs) such as temperature
records and sanitation cycles helped on-time
identification of deviations. The closed-loop
feedback system allowed the supervisors to intervene
before minute anomalies escalated into compliance
failure. As seen in past studies, data visualization
solutions and digital dashboards powered by [oT can
reinforce food safety culture by making actionable
insights democratically accessible (Garcia et al.,
2023; Smith et al., 2024).

While these gains were realized, implementation was
not without its issues. Variation in data quality at
different facilities made integration difficult. In
particular, variation in environmental monitoring
protocols and inconsistent CAPA documentation
introduced  analytical  noise. It  required
standardization of data entry form and quality
assurance procedures to resolve this. Maintaining
worker engagement was also a challenge. Initial
training deployments generated buzz, but compliance
required ongoing leadership support, ongoing
reinforcement, and performance-linked incentives.
These findings concur with Taylor and Nguyen
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(2024) who emphasize the commitment of leadership
as the cornerstone of an effective food safety culture.

Subsequent releases of the framework will
incorporate predictive analytics via loT and artificial
intelligence (AI). These tools can help with
automated anomaly detection, predictive risk
simulation, and scenario planning, thereby further
constraining human bias and decision-latency.
Moreover, expanding the data stream to include
supply chain traceability data—possibly enabled by
blockchain integration—would enhance upstream
risk analysis and consumer confidence (Jones & Lee,
2023).

Finally, this debate upholds the changeability of data-
driven systems in food safety management.
Considering that they support ongoing improvement
and organizational learning, they not only reduce
non-conformances but also facilitate strategic
planning for compliance, cost reductions, and
reputation resilience.

CONCLUSION

The application of a data-driven solution in ready-to-
eat (RTE) food manufacturing facilities is a
significant improvement in food safety non-
conformances management. Through the formal
integration of environmental, operational, and
behavioral data, this research showed how advanced
analytics can identify root causes, inform optimal
interventions, and deliver measurable improvements
to key food safety outcomes.

The 35% reduction documented in severe non-
conformances within the 12-month span attests to the
effectiveness of this approach. Through its change
from reactive correction to proactive evidence-based
practices, RTE facilities not only enhanced regulatory
compliance but also furthered their overall food
safety culture. Most responsible for bringing about
this change were the adoption of tailored training
programs, enhanced sanitation practices, and
enhanced process control, each evidence-based and
condensed from empirical findings acquired from
real-time and historical data.

The use of visual analytics, such as line graphs and
heat maps, facilitated easy understanding across
cross-functional teams, thereby enhancing
operational visibility and stakeholder acceptance.
Importantly, the structure promotes a cycle of

ICONIC RESEARCH AND ENGINEERING JOURNALS 144



© JUN 2025 | IRE Journals | Volume 8 Issue 12 | ISSN: 2456-8880

ongoing improvement by incorporating feedback
loops and interactive data visualization into normal
day-to-day food safety management system (FSMS)
procedures.

Though challenges such as inconsistent data quality
and employee motivation were encountered, these
were effectively addressed through the use of
standardization, senior management commitment,
and recurrent training. These experiences further
emphasize that technology is insufficient—so too is
success dependent on organizational commitment,
cross-departmental ~ cooperation, and constant
attention to behavior change.

In the coming years, the convergence of Internet of
Things (IoT) technology, artificial intelligence (Al),
and blockchain technologies will further improve the
precision and of food safety
measures. The technologies can enable real-time
predictive analytics, autonomous decision-support
systems, and whole-spectrum traceability, driving

responsiveness

food safety management to a new level of
intelligence and responsiveness.

In summary, this research provides a replicable and
scalable model for RTE food facilities to update their
food safety processes. By adopting data-based
methods, the sector can secure public health more
effectively, minimize operational risks, and build
confidence along the food supply chain.
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