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Abstract. This article presents an empirical study that integrates Internet
of Things (IoT) sensor data with machine learning (ML) techniques to optimize
ware-house monitoring and management. The proposed system addresses two
primary challenges inherent in modern warehouse operations: (1) the detection of
rodent ac-tivity using advanced motion sensor data and (2) the identification of
environmental risks, such as spoilage indicated by anomalies in gas emissions,
temperature, and humidity. To validate the approach, a simulated dataset spanning
30 days with hourly resolution was generated, where sensor readings were
annotated with critical events including “Rodent Detected” and “Spoilage Alert.”
The study leverages a Random Forest Classifier, selected for its robustness,
abilityto handle noisy and imbalanced data, and inherent feature importance evalua-
tion. This model achieved an accuracy of approximately 95.24 % in detectingrodent
activity, demonstrating its efficacy in complex real-world environments. Beyond
technical performance, the paper examines the broader implications of implementing
such a system. It details the technical advantages, including en-hanced process
transparency and improved real-time decision-making capabilities;

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 w
International License =

127



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 1.

economic benefits, exemplified by a cost-benefit analysis that shows a substantial
return on investment (ROI) of approximately 108%; and social benefits, such as re-
duced labor costs and improved workplace safety. A detailed process flow for alert
generation is presented, illustrating the end-to-end integration of sensor data process-
ing and automated response mechanisms. The findings underscore the potential for
IoT and ML integration to revolutionize warehouse management by reducing oper-
ational inefficiencies, minimizing product losses, and contributing to a sustainable
supply chain in industrial environments.

Keywords: IoT, machine learning, warehouse monitoring, random forest,
environmental management, rodent detection

For citation: A. Ospanov, Alonso-Jordd Pedro, A. Zhumadillayeva.
OPTIMIZING WAREHOUSE MONITORING WITH IOT SENSORS AND
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Annoranusi. Ocbl Makanaga wHTepHeT 3artapbiHbIH ([0T) HaTyukTiK AepeKTepiH
MamuHaIbIK OKbITY (ML) omictepiMeH OipiKTipy apKbUIbl KOMMa MOHUTOPHUHTT MEH
0ackapyIbpl OHTAMIAHIBIPY MOcelieci KapacThIpbUIFaH. YCBIHBUIFAH JKyHe Kasipri
3aMaHFBl KOWMa oIepalusyIapbIHbIH €Ki Heri3ri mocenecid memeni: (1) Ko3raibic
JTATYMKTEPl HETI31HJAe CYTKOPEKTUIepAiH (KypcakTap, THIIIKaHIAp koHE T.0.)
OCJICCHIIUIITIH aHBIKTAy J>KOHE (2) OHIMHIH OY3bUIYbIH, Ta3 IIbIFAPBIHIBLIAPHI,
TeMIepaTypa MeEH BUIFAIIBUIBIKTAFBl  aYBITKYJIAD apKbUIbl KOPiHIC TabaThIH
IKOJIOTHSIJIBIK TOYEKEIeP/Il aHBIKTAy. 3epTTey dici peTinae 30 KyHAIK Ke3eH/Ii
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caraT CalblH OJIICHETIH CHHTETHKAIBIK JEPEKTEP >KUBIHTBHIFBI JKacajjbl, OHBIH
opbip ceHcopabIK OKuFrachl «CYTKOPEKTIIEp aHBIKTAIAbD» >koHE «by3y Typabl
€CKepTy» CHSAKTHI Oenrinepmen Oenrinenai. Herisri knaccudukanus omici petiHae
Random Forest kimaccupukaTopbl KOJJIAHBULABI, OJ ©3 Ke3eriHAe IIyIbl >KOHE
TEHIepUIMETeH JCPEeKTepal OHJACYJEe >KOFapbl TYPAKTBHUIBIKKA JKOHE MAaHBI3/IbI
Oenrinepai Oaranmayra MYMKIHAIK Oepemi. Mopenb KoWMana CYTKOPEKTUIEpIiH
OCJICEHIUTITIH aHbIKTayAa maMameH 95,24 9% monmikke KO JKeTKI3mi, Ol
VCHIHBUIFAH OMICTIH THIMAUITIH Jojenuenai. Makanana KYWeHIH TeXHHUKAbIK,
SKOHOMUKAJIBIK JKOHE OJICYMETTIK apPTHIKIIBIIBIKTAPHI KAH-)KAKThl TaJKbIJIAHBIII,
eCKepTyJIepJli TeHepalusiay Mmpoleci erkel-terkenni kepcerinmi. Koiima
onepammsutapbiHaa [oT mMen ML TeXHONOTHSAIApBIH EHTI3YIiH AKOHOMHUKAJIBIK
THIMJUIIT, SFHU, WHBECTUIUSIAPAbIH KauTapeiMabuibirbl (ROI) mamamen 108 %
JeHreiinae ekeni ansikTanabl. by seprrey [oT mer ML uHTerpanusChbIHBIH KOWMa
0acKapyblH OHTaWJIAaHBIPYAAaFbI, OTICPAIMSUIBIK IIBIFBIHAPIBI TOMEHETY ICT] JKOHE
OHIMHIH CaIlachblH apTTHIPYIaFbl 9JICYETiH KOPCETE/I.

Tyiiin ce3aep: [oT, MammHaIBIK OKBITY, KOMiMa MOHUTOpHUHT1, Random For-
est, KopIaraH opTaHbl 0acKapy, CYTKOPEKTUIEP/Il aHBIKTAY

Jaiiexco3nep ywin: A. Ocmnanos, I1. Anonco-Xopaa, A. Xymagminaesa.
10T JATUUKTEPI MEH MAIIMHAJIBIK OKY OAICTEPIH
[TAMIAJIAHYAPKbIJIBI KA3BIPTbI KOJIJAHBIJTIATBIH K¥PMA
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AHHOTanus. B 1aHHON cTaTbhe MPEICTaBICHO SMIIMPUUECKOE UCCIIEN0BaHUE,
HaNpaBICHHOE Ha HWHTErpanuio JaHHbIX aAatuukoB Murepuera emeit (IoT) c
METOAaMHU MalMHHOrO oO0yuyeHus (ML) nns onTtumuzanuu MOHUTOPHUHIA U
yInpaBJIeHUs] CKIaJACKUMU oObekramu. [Ipemmaraemass cucrema pemaer JBe
OCHOBHBIE IPOOJIEMbl COBPEMEHHBIX CKIAACKUX onepauuil: (1) oOHapyxkeHue
aKTUBHOCTH TPBI3yHOB C HCIOJb30BAHUEM JIaHHBIX JATUYUKOB IBIKEHUS U (2)
BBISIBJICHHE DKOJOTMYECKUX PUCKOB, TAKUX KaK IOpYa MPOAYKIMH, OTPAKAIOLIASACS B
aHOMAJIUAX BBIOPOCOB Ta3oB, TEMIIEPATYPHBIX M BIAXKHOCTHBIX PEXUMOB. Jlyis
BepU(UKALNU MPEATIOKEHHOTO 1M0AX01a OB CO3/JaH CUHTETUYECKUN HAaOOp JaHHBIX,
oxBaThIBatolIMi 30-OHEBHBIM NEPUOJ C NOYACOBOW JUCKPETH3ALUEH, B KOTOPOM
3HAYEHUSI CEHCOPOB AHHOTHPOBAHBI COOBITHSIMH «OOHaApy)XEHHE TPBI3YHOB» H
«OrnoBenieHue o0 mopuye». B KayecTBe OCHOBHOIO MeTOJa KJIAacCHU(pHUKAIUU
ucnonb3oBajcs knaccupukatop Random Forest, BBIOpaHHBII 32 €ro yCTOHYHMBOCTD K
IIyMy ¥ HecOaJaHCHPOBAaHHBIM JAHHBIM, a TaKXXe 3a BO3MOXKHOCTh OIICHKH
BAXHOCTU IpU3HAaKoB. Mogjenp pocturiaa ToyHocTH mnpumepHo 95,24 % mpu
OOHApy>KEHHMM AaKTUBHOCTH TIPBI3YHOB, UTO CBHJE-TEIBCTBYET O BBICOKOU
3GGEKTUBHOCTH MOAXOJa B CIOXKHBIX YCIOBHUAX peanbHOro wmmpa.  Kpome
TEXHUUYECKUX aCIIEKTOB, CTaThsl ITOCBSLICHA aHAJIN3Y SKOHOMHYECKHX U COLUATIBHBIX
IIPpEeUMMYLIECTB  Mpe/ularaéMod cucteMbl. lIpeacraBiieH  JeTalbHBIM  mpolecce
reHepaluy OIOBEIIEHUN, a TAaKKe NPOBEAEH aHAIM3 3aTpaT U BBIFOJ C OLEHKOU
Bo3Bpara uHBectuinii (ROI) nHa ypoBHe mnpumepHo 108 %. Pesynbrarel uc-
CJIEOBaHMsI IEMOHCTpUPYIOT noreHuuan uarerpaunu [oT u ML nns ontumuzanun
YIPaBIEHUS CKJIAJCKUMU MPOLIECCAMU, CHUKEHUS ONIEPALlMOHHBIX U3/IEPIKEK, MUHU-
MU3AIUH [TOTEPb MPOAYKLUHU U 00ECIeYeHHs yCTOMUUBOCTH 1IETIOUYKH TTOCTaBOK.

Karwuessie cioBa: [oT, mammaHoe 00ydyeHue, MOHUTOPHUHT ckiiaga, Random
Forest, yrpaBneHue okpy>karolieil cpejoi, 0OHapyKeHHe TPhI3yHOB

Jast nurupoBanus: A. Ocnanos, II. Anonco-Kopna, A. Xymanuniaesa.
OITUMM3BALINA MOHUTOPHMHI'A CKIIAZJA C MHCIIOJIbB3OBAHUEM
JATUMKOB IOT 1  METO/JOB MAIINHHOI'O OBYUYEHUA:
SMIIMPUYECKOE  MCCJIEJJOBAHUE/MEXJIYHAPOJIHBI  JXYPHAII
MHO®OPMAIIMOHHBIX 1 KOMMYHHMKAITMOHHBIX TEXHOJIOT' M. 2025.
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Introduction
Warehouse management plays a crucial role in Enterprise Resource Planning (ERP)
systems, serving as a fundamental component in optimizing supply chain ef-
ficiency and inventory control. Despite being an integral part of ERP
frameworks, the Warehouse Management System (WMS) is often studied
independently due to its complexity and specialized operational requirements. The
integration of Internet of Things (IoT) technologies enhances real-time monitoring
of storage conditions, enabling data-driven decision-making and predictive
analytics. Furthermore, the application of Machine Learning (ML) techniques
within warehouse management facilitates intelligent automation, anomaly
detection, and adaptive optimization of resource utilization. Consequently,
research on warehouse modules within ERP sys-tems has gained significant
attention, particularly in leveraging IoT and ML for im-proving operational
reliability and sustainability.

In this work, we propose a comprehensive framework that utilizes IoT
sensors to collect real-time data on temperature, humidity, gas emissions, and
motion. A Ran-dom Forest Classifier is employed to detect rodent activity, while
environmental con-ditions are continuously monitored to preempt spoilage events.
Our approach builds upon previous studies that were done by (Akhter, 2022;
Azevedo et al., 2024; Dobra et al., 2024) and performs as additional comparisons
with Logistic Regression, SVM, Gradient Boosting, and Neural Network models
that were performed by (Patel et al., 2023; Smith et al., 2023; Zhang et al., 2023).

Literature Review

Modern warehouse management faces critical challenges such as product
spoilage, pest infestation, and adverse environmental conditions that compromise
product quality and operational efficiency (Abbas et al., 2024). Traditional monitor-
ing systems often lack the real-time analytics required for proactive interventions.
Recent advances in IoT and ML enable the development of intelligent systems capa-
ble of continuous monitoring and automated decision-making (Akbulut, 2024).

(Gupta et al., 2024) propose a deep learning-based approach for rodent
detec-tion in warehouses. Their work introduces convolutional neural network
architecture specifically designed to distinguish rodent movement from other types
of activity, thereby reducing false positives and enhancing detection accuracy under
varying en-vironmental conditions. Building on the theme of pest detection, (Kim et
al., 2024) develop a real-time pest detection system that leverages [oT sensor data
such as mo-tion and gas levels—in combination with image processing techniques
to promptly detect pest activity, significantly improving response times and overall
detection per-formance in warehouse environments.
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(Li et al., 2023) focus on advanced data analytics for loT-enabled warehous-
ing, proposing predictive models that effectively forecast inventory fluctuations and
detect anomalies in storage conditions; their methods provide critical insights that
aid in decision-making and cost reduction. Addressing the challenge of data security
in industrial settings,

(Wang et al., 2024) present a blockchain-based framework designed to
ensure the integrity and traceability of IoT sensor data. Their approach creates an
immutable log of sensor transactions, which enhances trust and accountability in
critical indus-trial IoT applications. (Hernandez et al., 2024) contribute to the
literature by design-ing a smart monitoring system that integrates IoT sensor data
with machine learning for predictive maintenance in warehouses. Their model not
only forecasts potential equipment failures, but also optimizes maintenance
scheduling, thereby reducing downtime and improving overall operational
reliability. These contributions collec-tively highlight the multifaceted benefits of
integrating IoT and ML technologies in warechouse management, offering
significant improvements in detection accuracy, data integrity, and predictive
maintenance, which are essential for optimizing ERP warehouse modules.

(Reddy et al., 2023) presents a system that leverages IoT devices, including
RFID and wireless communication, to automate inventory management and product
tracking in warehouses. Their work demonstrates significant improvements in real-
time data accessibility and operational efficiency, reducing manual effort and errors
while enhancing overall warehouse performance.

(Tufano et al., 2024) introduces an innovative framework that employs
digital twin technology integrated with machine learning algorithms to simulate and
predict warehouse performance. This study illustrates how real-time data coupled
with predictive analytics can optimize inventory flows, minimize downtime, and

improve resource allocation, paving the way for proactive maintenance strategies.
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(Yadav et al., 2020) proposes a robust monitoring system that continuously
tracks environmental parameters (temperature, humidity, gas levels, and light) critical
for maintaining product quality in cold storage facilities. The system effectively trig-
gers alerts (via SMS messages) when values deviate from preset thresholds, thereby

preventing spoilage and ensuring optimal storage conditions.

(Liu et al., 2024) explores the integration of [oT and artificial intelligence in
the logistics sector. Their work provides a comprehensive review of current applica-
tions—including real-time tracking, intelligent warehouse management, and supply
chain optimization—highlighting both the benefits and challenges associated with
widespread IoT adoption in warehousing.

(Jarastniené et al., 2023) investigates how IoT technologies influence key
performance indicators in warehouse operations. Their empirical analysis reveals
that IoT integration significantly improves inventory accuracy, reduces order
processing time, and enhances overall operational efficiency across companies of
varied sizes.

(Jeyabal et al., 2024) presents a novel approach for urban pest control by
com-bining multi-sensor fusion (e.g., LiDAR, depth cameras, and IMU) with
advanced Al detection algorithms (such as YOLOVS). Their system not only
identifies mosquito breeding hotspots in real time but also enables precise
fumigation, thereby optimizing chemical usage and reducing health risks.

Materials and Methods
Algorithm Implementation in Python
The code, for all simulations and estimations, is written in Python, a popular,
high-level language for data science. TensorFlow library is used to build and train
the model, which excels at analyzing sequential sensor data. Scikit-learn covers
classical machine-learning approaches, which best fit for Random Forest (RF)
estimations, and provides convenience methods such as data splitting and
normalization. The algorithm relies heavily on NumPy and Pandas for efficient
numerical operations. Together, these libraries enable a unified workflow, from
basic rule-based threshold checks to solid machine learning techniques for
anomaly detection.
Data Preprocessing and Model Training Workflow
Figure 1 shows an overview of the designed workflow from data preprocessing
to evaluation metrics. The dataset is generated, then preprocessed, followed by
model training and final evaluation metrics. Rodent detection and spoilage alerts

are subsequently performed.
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Fig.1. Overall Workflow.
1oT Architecture

Hardware Configuration

The proposed system for optimized warehouse monitoring and management
integrates a diverse array of sensors, edge devices, connectivity modules, and cloud-
based services to ensure real-time data acquisition, processing, and ERP integration.
The hardware components are organized into the following categories:

1. Sensors

o BMEG688: This multi-sensor module provides measurements of tem-
perature, humidity, and gas concentrations with a relative humidity accuracy of £1%
and a VOC detection range of 0—1000 ppm.

o MQ-135: Employed for air quality monitoring, this sensor detects key
gases such as ammonia (NH3s), carbon dioxide (COz), and benzene.

o PIR Sensors (HC-SR501): These passive infrared sensors feature a
120° detection angle and a range of up to 7 meters, ideal for general motion detection.

o Ultrasonic Sensors (HC-SR04): With a detection range from 2 cm to 4
m, these sensors are used specifically for tracking rodent movement.

2. Connectivity

S0

134



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025 Vol. 6. Is. 1.

Two primary wireless communication technologies are employed to accom-
modate varying warehouse environments:

. LoRaWAN (RN2483A modules): Ideal for rural warehouse settings,
these modules operate at 868 MHz and support ranges up to 10 km.

J Wi-Fi (ESP32-WROVER): Designed for urban warehouses, this mod-
ule provides 2.4 GHz connectivity for high-speed data transmission.

3. Edge Devices

. Raspberry Pi 4: Utilized to run lightweight machine learning models
(via TensorFlow Lite), this device performs real-time anomaly detection on sensor
data.

. NVIDIA Jetson Nano: This edge device processes camera feeds to
provide visual confirmation of rodent activity, enhancing detection accuracy.

4. Cloud Infrastructure and ERP Integration

The cloud layer comprises AWS IoT Core for managing device communica-
tion and data ingestion, while EC2 instances host ERP-integrated dashboards (using
Node-RED) and facilitate ML training pipelines. Real-time data flows from the sen-
sors through edge preprocessing to AWS IoT Core via MQTT. AWS Lambda func-
tions subsequently trigger ERP updates through RESTful APIs (e.g., SAP S/4AHANA,
Oracle ERP).

In summary, Figure 2 visually represents the sensors, connectivity modules,
edge devices, and cloud infrastructure, with arrows indicating data flow, whereas,
Figure 3 depicts the 10T architecture that was designed for this case study, com-
prising sensor nodes (temperature, humidity, gas, motion), an edge device for data
preprocessing, a cloud server for model training and storage, and a user interface for
dashboard and alerts.
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Fig. 3. IoT System Architecture.

Dataset Description

The following dataset was generated per criteria in Table 1 that describes the
simulated IoT sensor parameters for temperature, humidity, gas detection, and motion
detection. Indeed, figure 4 shows the visual distributions of temperature and humidity

in the dataset.
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Table 1. IoT Sensor Simulation Parameters

Parameter Range/Type Description

Temp. (C) 1540 (Continuous) Simulated ambient temp.
Humidity (%) | 30-90 (Continuous) Simulated relative humidity

Gas Detect. Boolean (0 or 1) Spoilage-related gas
Motion Detect. Boolean (0 or 1) Detected movement - rodents

Temperature Distribution Humidity Distribution

50

40
40

w

S
w
=3

Frequency
)
(=

Frequency

N
=]

10 10

0

15 20 25 30 35 40 45
Temperature (°C) Humidity (%)

40 50 60 70 80

Fig. 4. Temperature and Humidity Distribution.

R
Sensor Da ta Simulation (Randomized V ariability)

The Below Formulas are used for sensor data simulation:

o Formula for Temperature () Simulation

Tr = Tbu33+ ET (l)
° Formula for Humidity (%) Simulation

H, = Hygee + €5 2)
o Formula for Gas Level (ppm) Simulation

G: = Gpase +€¢ 3)
° Formula for Smell Intensity (Scale 0-3) Simulation

SE = max(D,min(E,Sbﬂsg + E_g}} (4)
o Formula for Pest Activity (Movement Count) Simulation

Mr.- = Mhuss +En (5)

Feature Importance, Time Series Trends and Preprocessed Data Samples
After training the Random Forest (RF) model, figure 5 illustrates the feature
importance where humidity shows the highest value, followed by the temperature
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importance. In addition, Figure 6 shows the time series trends of temperature and

humidity over the 30-day simulation.

Time Series Trends of [T Sensor Data (Temperature and Humidity) Feature Importance in Random Forest

— Temperature (°C}

100 — Humidity (%)

Importance

0 100 200 300 400 500 600 00

Time (hours) Features

Fig. 5. Feature Importance in RF. Fig. 6. Time Series of [oT Sensor Data.

Moreover, figure 7 shows a snapshot of the preprocessed rodent detection

along with scaled temperature, humidity and binary gas detection data.

Preprocessed Rodent Detection Data

Temperature

0.406156575148015
84

0.725007570897182

2

2

-1.44770269418800
2

-0.84166343232458
48

0.070354553196998
99

Humidity
-147232310026525
a4

-2.28310067584969
86

0.736486415317822
9

2.320387743521415
4

-1.06033474565485
24

Gas_Detection Motion_Detection

Fig. 7. Preprocessed Rodent Detection Data.

Status Classification (Threshold-Based Conditions)

The following criteria are as boundaries for Temperature, Humidity, Gas
Level, Smell and Movement Count classifications.
o Temperature Classification
Normal, 10=T, =25
Statusy = {Waming, 0=T, <100or25<T, = 35
Critical, T.<O0orT.> 35 (6)
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. Humidity Classification
Nomal, 50=H, =70
Statusy = {Waming, 70 <H, =75
Cntical, H, =75 (7)
. Gas Level Classification

Nomal, 0=6G, =50
Statusg = {Wa.ming 50 < G, = 200

Critical, (. > 200 (8)
° Smell Intensity Classification
g _ [Narmal, D=5,=1
tatuss = Waming, 5, =2 9)
. Movement Count (Pest Activity) Classification
Normal, M, =15

Statusy; = [Ea.ming, 15 < M, = 50

arm, M, = 50 (10)

° Action Mapping
Action, = f(Stats,)  (11)

Tentilate, H, = 75 (critical humidity)
Dehumidify, 70 < H, = 75 (waming humidity)
Pest Confrol, M, = 50 (alamm movement count)

Dispose Wheat, 5, = 3 and G, = 200 (severe spoilage) (12)
Machine Learning Model
Random Forest Entropy Formula is set below equation:
H(X) = —-%P(x)log,P(x) (13)

EvALUATION METRICS AND ACTION FRAMEWORK
Classification Performance Metrics
Computation for accuracy, precision, recall, and the F1 score is calculated

as:
° Accurac TP+ TN
A F =
YT TP Y TN+ FP + FN (14)
° Fl Scor'Fl —9 xPremsmn » Becall
Precision+ Recall (15)
° Precision and Recall:
TP TP
Precision = ————, Recall= ————
ecision 5T FP e T 6

Where: -TP = True Positives - TN = True Negatives -FP = False Positives -
FN = False Negatives.
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Results and discussion
As the result of situational computation, Figure 8 shows the classification per-
formance metrics (precision, recall, and F1-score), whereas Table 2 summarizes the

Random Forest classifier’s performance, with an accuracy of approximately 95.24 %.

100 Classification Performance Metrics for Rodent Detection

80

60

40 4

Percentage (%)

T
Precision Recall F1-Score
Metrics

Fig. 8. Classification Performance Metrics for Rodent Detection.
Table 2. Random Forest Classifier Performance Metrics

Metric Value
Accuracy 95.24 %
Precision 88.00 %

Recall 78.00 %
F1-Score 82.00 %

In addition, Figure 9 displays sample rows from the dataset, including timestamps,
temperature, rodent detection, spoilage alerts, and a final Random Forest model accuracy

printout.

Timestamp Temperature ... Rodent Detected Spoilage Alert
0 2025-01-01 00:00:00 16.706082 ... (%) [’
1 2025-01-01 01:00:00 17.728271
2 2025-01-01 02:00:80  14.538139
3 2025-01-01 @03:00:80  18.549716
4 2025-01-01 04:00:00 21.180256

e
0
0
e

[5 rows x 7 columns]
Random Forest Full Model Accuracy: 100.08%

Fig. 9. Sample Rows and Random Forest Full Model Accuracy.
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Cost—Benefit Anal ysis
Cost—Benefit Analysis
It is assumed that the cost of expenses be:

Crama = $10,000, Cppr = $6,000, L= $50,000, AL =0.25. (17)
Where: Cmama — cost of manuall maintenance of warehouse,
1,7 — cost of [oT usage for maintaining warehouse,
L — represents total monthly loses due to spoilage or otehr inefficciencies, and

AL — represents the proportion of those losses that can be eliminted.

Then:
Savings = AL x L = 0.25 x 50,000 = $12,500, (18)
Net Benefit = Savings — Cj,7 = 12,500 — 6,000 = $6,500, (19)
6,500 "
ROI = =000 » 100 & 108%. (20)

The visual illustration in figure 10 presents the cost-bene-

fit analysis to implement [oT and ML in warehouse monitoring.

Cost-Benefit Analysis

12000

10000

8000

ROI: 108
6000

Amount (USD)

4000 -

2000 -

T
Manual Monitoring Cost loT+ML Cost Savings Net Benefit

Fig. 10. Cost-Benefit Analysis.
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The cost-benefit analysis highlights the strong financial viability of adopting
intelligent warehouse management systems, emphasizing reduced product spoilage,
lower maintenance costs, and optimized resource allocation. Beyond the technical
and economic benefits, the integration of loT-driven machine learning frameworks
fosters sustainability and supply chain resilience, reinforcing the significance of digi-
tal transformation in modern Warehouse Management Systems (WMS) within Enter-

prise Resource Planning (ERP) frameworks.

Conclusion

This study demonstrates that integrating [oT sensor data with machine learn-
ing techniques, specifically employing a Random Forest Classifier, significantly en-
hances warehouse monitoring by improving predictive accuracy and operational effi-
ciency. The proposed system effectively detects abnormal environmental conditions,
such as temperature fluctuations, humidity variations, gas emissions, and pest activ-
ity, ensuring proactive decision-making and risk mitigation. Comparative analysis
confirms that ensemble learning methods outperform traditional machine learning
models in classifying critical conditions and recommending appropriate corrective
actions.

Future research should explore reinforcement learning approaches to further
refine automated decision-making and adaptive warehouse optimization strategies. In
addition to it, ongoing further research could cover the following works:

* Investigation of blockchain-based traceability for supply chain validation.

* Experimentation with edge-based federated learning, minimizing data trans-
fers to the cloud.

 Evaluation of the feasibility of digital twins under 6G-enabled Industry 4.0
frameworks for predictive maintenance and advanced analytics.

Bridging low-cost hardware, robust network protocols, and advanced analyt-
ics, this approach promises broader applicability in resource-constrained warehouses

related environments.
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