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Abstract. Fires pose a significant environmental, social, and economic challenge
worldwide, particularly in regions with diverse ecosystems and dry climates. This
study aims to develop an advanced fire forecasting and extinguishing system tailored
to Kazakhstan’s unique environmental conditions. Leveraging machine learning
algorithms, the system enhances prediction accuracy, optimizes resource allocation,
and enables real-time fire detection to mitigate wildfire impacts. Historical fire
records, meteorological data were analyzed using Convolutional Neural Networks
(CNNs) and Recurrent Neural Networks (RNNs). Preprocessing techniques, such
as data augmentation and normalization, improved model performance. The CNN
model achieved a 92% prediction accuracy, surpassing the RNN model’s 89%,
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with an AUC score of 0.95 and 0.93, respectively, confirming their reliability in
distinguishing fire events.

A key innovation is the creation of deep learning models that identify fire
forecast in real time integrating Kazakhstan-specific data, including historical fire
records, to ensure accurate adaptation to diverse landscapes and climatic conditions.
These models provide actionable insights for community-focused fire management
strategies. The main innovation of the study is the creation of deep learning models
that identify fire foci during the NAC period.

The integration of advanced computational techniques with localized expertise
establishes a foundation for sustainable management in Kazakhstan. This system
enhances wildfire resilience and serves as a model for data-driven fire management
strategies globally. Future research will refine predictive models with additional
environmental data and explore novel algorithms to improve accuracy and
efficiency.

Keywords: machine learning, image recognition, fire forecasting, convolutional
Neural Networks (CNNs), recurrent neural networks (RNNs), deep learning
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AHHOTanus1. Opt OYKiI a1eMe, acipece apTypIli FIKOKYHenepi MeH KYpFak KiIv-
Marbl 0ap aliMakTapa MaHbI3/Ibl SKOJOTHSIIBIK, JICYMETTIK JKOHE SKOHOMUKAIIBIK
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mpobnemMaHbl  Tymelpaabl.  bynm  3eprrey KazakcrawHblH ~ Oipereid  TaOuFu
KaFJainapeiHa OeiiMIenreH epTTepAl Ooimkay MEH COHIIPYMIH JKeTUIIipuUIreH
KYWECiH a3ipieyre OarpITTaFad. MallMHAJIBIK OKBITY aJITOPUTMIEPIH Maiiianany
OopKaMIapAbIH  JOIIITIH apTTRIpyFa, pecypcTapibl Oenrydl OHTalIaHIbIpyFa
JKOHE OpTTi KeJleNl aHBIKTayFa MYMKIHJIIK Oepe/li, OChIIaiia ONapIblH KOWKBIH
ocepiH azaiTanbl. OPTTIH TapuxH AEPEKTEpPi, METEOPONOTHSIIBIK OaKblIayiap
KOHBOJFOIIMSITBIK HeHpOoHABIK keniep (CNN) koHe KaliTalaHaThIH HEHpPOHJIBIK
xeninep (RNN) apkputel Tanganael. Jlepexrepai YiIFalTy jKoHE KaJbIIIKa KeNTipy
CUSKTBI JIEPEKTepJli alIbIH aja eHACY oJICTepi MOICNbIACPIIH OHIMILUIIrH
xakcapTThl. CNN 92% monmikti kepcetTi, RNN-nen 89% nomikneH acwim TycTi,
ROC (AUC) KUCBIFBIHBIH aCTBIHAAFBI aiiMak colikecinme 0.95 sxone 0.93 Gomupbl,
OYJ1 ©pTTi aHBIKTayJaFbl MOJIENBIEP/IiH CEHIMIUTITIH pacTaiIbl.

3epTTeydiH HeTi3ri JKaHAIBIFBl OpPT OINAKTaphlH HAKThl YaKbIT KE3CHIHIE
AHBIKTAUTBIH TEPEH OKBITY MOJENbBIEPIH Kypy OONbIN Ta0bLIambl. bym Tocin
opTyp:i daHmmadTTap MEH KIMMATTHIK JKaFjaiiapra OediMIenyai KamTamachi3
eTelli, JKePTUTIKTI KaybIMIACTHIKTapFa OaFbITTAFaH OpPTTI OaKbUIAYIBIH THIMIIL
CTpaTeTUsIIapbIH KEeHIJICTE/II.

O3BIK ecemnTey TEXHOJOTHMSJIApPBIH JKEPrUTIKTI TIKIpHOEMEH HHTErpaLusiiay
Kazakcrannarsl opMaHIapsl TYPAKThl OacKapyablH HETi31H Kajdai bl O3ipIIeHTeH
KYHe OpTKe TO3IMILTIKTI apTTHIPBIN KaHa KOMNMali/Ibl, COHBIMEH KaTrap OYKiJ olieM
OOHBIHINIA JIEepeKTepre HETI3eNTeH OpTKe KapChl CTpaTerusIapbl o3ipieyre yIiri
Oomanel. bonammak 3eprreyinep KOCHIMINIA KOJIOTHSIIBIK JCpEKTep i MailjanaHa
OTBIPBII, MOACIBACPAL KETULIIPYAl JKOHE IOIIIK MMEeH THIMAUTIKTI apTThIpy YIIiH
YKaHa aJTOPUTMIIEPIi 3€PTTEY JKOCTAPIIaHbII OTHIP.

Tyiliin ce3mep: MamMHAIBIK OKBITY, KECKiHJII TaHy, OpTTepai Ooikay,
KOHBOJNFOIIMSITBIK - HeHpoHABIK skemiiep (CNNS), kalitamaHaTelH HEHPOHJIBIK
xeninep (RNNs), TepeH oKbITY
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AnHoTanus. Iloxapel NpPENCTAaBIAIOT 3HAYUTENBHYIO 3KOJOTHYECKYIO,
COLIMANIBHYIO M SKOHOMUYECKYI0 IPOOIIeMy 10 BCEMY MUPY, 0COOCHHO B PETHOHAX C
Pa3zHO00pPa3HBIMHU SKOCHCTEMaMH M 3aCyLIJIMBBIM KJIMMaToM. /lanHOe HccieoBaHmne
HampaBieHO Ha pa3paboTKy yCOBEPIICHCTBOBAHHOW CHCTEMbI MPOTHO3UPOBAHUS
U TYIIEHUS JIECHBIX MOXKAapOB, aJAaNTHPOBAHHON K YHHUKAJIBHBIM IPUPOJHBIM
ycnoBusim  Kazaxcrana. Mcmonp3oBaHue alropuTMOB MAIIMHHOTO OOy4YeHHs
MO3BOJISIET TOBBICUTH TOYHOCTH MPOTHO30B, ONTHMM3HPOBATh paclpeieleHne
pecypcoB M O0ECIeuuTh OlepaTHBHOE OOHApyKCHHE MOXKapoB, TEM CaMbIM
MUHUMM3UPYST MX pa3pylIUTENbHbIE MOCIEACTBUSA. VcTopuueckue aaHHBIE O
noXkapax, METeOpOJIOrHYeCKIe HAOMIOICHHS aHATM3HPOBAINCH C UCIIOIb30BAaHHEM
cBepTOUHbIX HelipoHHBIX ceTeil (CNN) u peKkyppeHTHBIX HelHpoHHBIX ceTeil (RNN).
Mertozp! TipenBapuTeNbHON 00pabOTKH JaHHBIX, TAKUE KaK YBEIUYCHUE JAHHBIX
U HOpMaju3alys, YIy4dIIWId Hpou3BoauTenbHoCcTh Mojened. CNN mnokasana
TouHOCTh 92%, mpes3oias RNN ¢ Tounoctbio 89%, mpu 3TOM MIIOIMIANb MO
kpuBoit ROC (AUC) coctaBuia 0.95 u 0.93 cooTBETCTBEHHO, YTO MOATBEPKAACT
HaJIe)KHOCTh MOJIeJIEN B OTNIPEJIeIeHNH TI0KapOB.

HoBu3zHoii nccnenoBanus SBJSIETCS CO3JaHUE MOJETEH MTyOOKOro oOydueHHs,
KOTOpBIE BBISIBIIOT OYard IOKapoB B pEaJbHOM BpEeMEHH. Takod Moaxon
oOecrieunBaeT ajanTaldio K pa3HOOOpa3HbIM NaHAmadTaM W KIMMaTHUYECKUM
yCIOBUSIM, CHOCOOCTBYS 3((eKTUBHBIM CTparerusM OOpsObI C IOXKapamH,
OPHEHTHPOBAaHHBIM Ha MECTHBIE COOOIIECTBA.

WHnTerpanys nepeaoBbIX BBIUUCINUTENBHBIX TEXHOIOIMH C MECTHBIM OIBITOM
3aKJIaJibIBa€T OCHOBY JJIsi YCTOMYMBOrO yrpaBieHus jecamu B Kaszaxcrane.
Pazpaborannas cucteMa He TOJIBKO IMOBBIIACT YCTOHYMBOCTH K MOXKapam, HO U
CIy’)KUT 00pasloM i pa3pabOTKU cTpaTerdii OOpbObI ¢ MOXKapaMu Ha OCHOBE
JaHHBIX BO BCEeM MHpe. B Oymymmx uccinenoBaHUsX TUIaHUPYETCS YCOBEp-
LIEHCTBOBATh MOJIEJIH C UCIIOJIb30BaHUEM JIOTTIOTHUTENIbHBIX 9KOJIOTMUECKUX JAHHBIX
U MCCIIEA0BATh HOBBIC aJITOPUTMBI ISl TIOBBILICHUS! TOYHOCTH U 3()(HEKTUBHOCTH.

KioueBble cioBa: MammHHOE OOydeHHE, paclo3HaBaHUE HW300paKECHHIA,
MIPOTHO3MPOBAHKE JIECHBIX MOXKapoB, cBepTouHble HelponHbele cetd (CNNS),
pexyppentHbie Heliponnblie ceTn (RNNs), rmybokoe oOyueHue.
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Introduction. Fires represent a critical environmental challenge globally, and
their impact extends far beyond the immediate areas affected. In the Republic of
Kazakhstan, where a lot of ed regions coexist with dry landscapes, the threat of
fires is growing exponentially. The increasing frequency and severity of these fires
underscore the urgent need for proactive measures to mitigate their destructive
effects. This research endeavors to develop an advanced fire forecasting and
extinguishing system that harnesses the power of machine learning algorithms to
enhance preparedness and response capabilities.

The relevance of this research is underscored by the multifaceted impacts
of fires, which go beyond geographical boundaries and societal sectors. In the
Republic of Kazakhstan, where diverse ecosystems ranging from dense to dry
steppe landscapes coexist, the threat posed by fires grows large, permeating through
various aspects of the nation’s socio-economic and environmental fabric. The
escalating frequency and severity of these fires in recent years have brought into
sharp focus the urgent need for proactive and innovative measures to mitigate their
devastating effects. Beyond the immediate loss of lives, property, and biodiversity,
fires cause far-reaching consequences on air quality, water resources, agricultural
productivity, and regional climate patterns. Moreover, the economic ramifications
of fires extend to disruptions in timber industries, loss of ecosystem services,
and heightened vulnerability of rural community’s dependent on resources for
livelihoods and sustenance. Against this backdrop, the imperative to develop robust
and technologically advanced fire management systems tailored to the specific
challenges and complexities of Kazakhstan’s landscapes cannot be overstated. This
research seeks to address this imperative by leveraging the transformative potential
of machine learning algorithms to enhance the nation’s preparedness, response, and
resilience in the face of fire emergencies.

Machine learning serves as the cornerstone of this project, offering unparalleled
capabilities in data analysis, pattern recognition, and predictive modeling. Machine
learning algorithms can identify intricate patterns and correlations that facilitate
accurate forecasting of fire occurrences by leveraging manually collected historical
fire data, satellite imagery, weather forecasts, and terrain information. Moreover,
these algorithms enable dynamic adaptation to evolving environmental conditions,
thereby enhancing the effectiveness of fire management strategies.

The primary objective of this research is to develop a comprehensive fire
management system tailored specifically to Kazakhstan’s unique environmental
and socio-economic context. This aims to integrate state-of-the-art technology with
local expertise to create a robust framework for mitigating the impact of fires. By
focusing on the specific challenges posed by Kazakhstan’s diverse landscapes and
climatic conditions, the research aims to address the shortcomings of existing fire
management practices and foster resilience against future fire incidents.

Objectives of the Research Work:

* To compile and analyze comprehensive datasets encompassing historical fire
records, meteorological data, relevant to Kazakhstan’s ed regions;
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* To develop and validate machine learning models capable of accurately
predicting the likelihood and spread of fires under varying environmental conditions;

* To design and implement a real-time monitoring and early detection system
capable of identifying potential fire hotspots and initiating timely intervention
measures;

* To optimize the allocation of firefighting resources, including personnel,
equipment, and aerial assets, based on the predicted fire risks and dynamic fire
behavior;

» To assess the efficacy and performance of the developed fire management
system through rigorous testing and validation, both in simulated scenarios and
real-world deployments.

This research contributes to the advancement of fire management science by
introducing novel approaches to prediction, early detection, and response leveraging
cutting-edge machine learning techniques. By addressing the specific challenges
posed by Kazakhstan’s diverse ecosystems and geographical features, the research
adds significant scientific value to the global body of knowledge on wildfire
management, paving the way for more effective and resilient fire management
strategies worldwide.

Literature review

The field of fire forecasting and extinguishing systems, particularly through the
use of machine learning algorithms, has garnered significant attention in recent
years. Researchers are increasingly exploring innovative approaches to mitigate the
devastating effects of wildfires. This review provides an overview of key scholarly
contributions that form the foundation and context for research in this area,
emphasizing the significant role machine learning plays in enhancing our ability to
predict and manage fires.

A comprehensive review by (Simon van Bellen, et al., 2020; Bergeron and
Flannigan, 1995), and (Fried, et al., 2024) delves into the effects of climate change
on fire frequency and severity. Their synthesis of global research efforts underscores
the complex interplay between changing climatic conditions, vegetation dynamics,
and fire behavior. The review highlights that rising temperatures, prolonged
droughts, and other climatic changes significantly increase the likelihood and
intensity of fires. Predictive models become crucial in this context, and the review
emphasizes the importance of integrating machine learning techniques to improve
the accuracy of these forecasts. These models help anticipate fire outbreaks more
effectively by analyzing patterns in climatic data and vegetation changes, which is
essential for proactive management and fire prevention strategies.

In the realm of machine learning applications for fire prediction, (Pham, et
al., 2020; Alkhatib, et al., 2023), and (Ahmad, et al., 2023) have made significant
contributions. They explore the application of advanced machine learning
techniques, including Convolutional Neural Networks (CNNs) and Recurrent
Neural Networks (RNNs), to predict fires. By analyzing satellite imagery and
environmental data, these models can forecast fire occurrences with remarkable
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precision. Their findings suggest a high correlation between meteorological
variables such as temperature, humidity, and wind speed, and the likelihood of fire
ignition and spread. This correlation underscores the importance of continuously
updating and refining predictive models with real-time data to ensure their reliability
and effectiveness in different environments.

Addressing the challenges of real-time decision-making in fire management,
(Abid, et. al., 2020; Arif, et al., 2021), and (Dampage, et al., 2022) discuss the
integration of machine learning algorithms into fire extinguishing systems. These
authors propose adaptive algorithms capable of dynamically adjusting firefighting
strategies based on evolving environmental conditions and fire behavior patterns.
This adaptive approach aims to optimize resource allocation and minimize response
time, thereby improving the effectiveness of fire suppression efforts. For instance,
the use of wireless sensor networks combined with machine learning algorithms
allows for the early detection of fires and rapid deployment of firefighting resources,
which is crucial for minimizing the damage caused by wildfires.

Focusing on localized fire forecasting and extinguishing systems, (Wunder, et al.,
2021) highlight the importance of developing tailored solutions for specific regions,
such as the Republic of Kazakhstan. They emphasize the need for incorporating
local data, such as land cover maps, vegetation indices, and historical fire records,
into machine learning models to enhance their predictive accuracy in Kazakhstan
ecosystems. This localized approach ensures that the unique environmental and
socio-economic factors of the region are considered, leading to more effective
fire management strategies. The inclusion of local data not only improves model
accuracy but also fosters greater community engagement and support for fire
management initiatives.

Additionally, (Sysoeva, 2023) and (Zhang, et al., 2023) present case studies
on the implementation of machine learning-based fire management systems
in regions with similar ecological characteristics to Kazakhstan. They discuss
lessons learned and best practices for adapting these systems to the Kazakhstani
context, including considerations for data availability, model transferability, and
stakeholder engagement. These case studies provide valuable insights into the
practical challenges and opportunities of deploying machine learning technologies
in diverse environmental settings, highlighting the importance of collaboration
between researchers, policymakers, and local communities.

The intersection of machine learning and fire management holds significant
promise for enhancing the resilience of ecosystems and communities in Kazakhstan.
By harnessing the power of data-driven approaches, researchers and practitioners
can develop more effective strategies for forecasting, detecting, and extinguishing
wildfires. This not only mitigates the socio-economic and environmental impacts
of these natural disasters but also promotes sustainable management practices. The
integration of advanced computational techniques with local environmental data
has the potential to revolutionize fire management practices, making them more
responsive and adaptive to changing conditions.
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The authors (Fried, et al., 2024) explore the use of advanced deep learning
methods in fire forecasting, with a particular focus on convolutional neural networks
(CNNs) and long short-term memory (LSTM) networks. Their study highlights how
these models can effectively process large datasets, including satellite imagery and
meteorological records, to improve the accuracy of fire occurrence predictions. The
research achieved a notable prediction accuracy of 91%, emphasizing the critical
role of machine learning in proactive wildfire management strategies.

In the study (Martinez, et al., 2024), the authors analyze the integration of
artificial intelligence (Al) tools with traditional fire risk assessment methods. The
study discusses how Al models, combined with historical fire data and vegetation
indices, can predict fire-prone areas with high precision. The authors (Martinez, et
al., 2024) emphasize the importance of real-time data processing for early detection
and highlight a hybrid Al framework that outperformed conventional statistical
models in fire forecasting by 15%.

(Liu et al., 2024) investigate the role of climate variables in fire dynamics,
employing a multi-modal approach that includes Generative Adversarial
Networks (GANSs) for synthetic data augmentation. Their research showcases how
incorporating synthetic data improves model robustness when addressing data gaps
in remote regions. Liu et al. achieved a prediction accuracy of 93%, with an AUC
score of 0.94, demonstrating the potential of GANs in refining fire forecasting
systems.

In summary, the reviewed literature underscores the critical role of machine
learning algorithms in fire forecasting and extinguishing systems. By leveraging
advanced computational techniques and incorporating local environmental data,
these systems can significantly enhance resilience to wildfires in the areas. The
ongoing research and development in this field hold the potential to transform fire
management practices, particularly in the context of the Republic of Kazakhstan,
and contribute to the global effort to mitigate the impact of wildfires on communities
and ecosystems.

Materials and methods

A fully automated, running machine learning model was developed for this study.
The dataset consists of meteorological and wildfire-related data from various regions
collected and compiled for fire forecasting and management purposes. Specifically,
it includes information on temperature, humidity, wind speed, precipitation, and
other relevant variables affecting fire occurrence and spread. In addition to these
digital data, a manually assembled and labeled dataset of 5,000 images of fires was
used from various sources to train the model.
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Figure 1 illustrates a sample image of a fire. The image dataset comprised high-
resolution JPG images, which were preprocessed to enhance the quality of the input
data. During the training of the model, it is used Python, Jupyter Notebook, and
Conda to manage the environment and dependencies.

To prepare the images for training, several preprocessing steps were employed:

Data Augmentation: Techniques such as rotation, scaling, and flipping were
applied to increase the diversity of the training data and improve the robustness of
the model.

Normalization: The pixel values of the images were normalized to a range of
0 to 1 to ensure consistency and improve the performance of the neural networks.

Firstly, the necessary libraries and images with their masks were imported. The
len() function was applied to the images and masks to confirm the number of image
and mask files found, respectively.

A custom data generator class was created in Python to load and preprocess
data in batches during the training of the deep learning models. The random crop
function was used to crop all images to a uniform size of 512x512 pixels, ensuring
consistency across the dataset.

The dataset preparation process ensured that the images were adequately
processed and ready for the training phase, enabling the machine learning models
to effectively learn from the data and improve their prediction accuracy.

CNN (Convolutional Neural Network) is a type of neural network specifically
designed to process data with spatial relationships, such as images. CNNs are
widely used in computer vision tasks (e.g., image classification, object detection,
facial recognition) and have applications in areas like natural language processing,
medical diagnostics, and autonomous vehicles.

The work principle of CNN can be explained step by step as follows:
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Input Image: The raw image data, typically with dimensions like 224x224 pixels
and 3 color channels (RGB).

Convolutional Layer: Applies multiple filters (kernels) to the input image to
create feature maps. Each filter detects specific features such as edges, textures, etc.

Activation Function.: Non-linear function applied to the feature maps. Commonly
used activation function is ReLU (Rectified Linear Unit).

Pooling Layer: Reduces the spatial dimensions (width and height) of the feature
maps while retaining the most important information. Max pooling is a common
technique that selects the maximum value from a region of the feature map.

Additional Convolutional and Pooling Layers: These layers are stacked to detect
more complex features and patterns.

Flatten Layer: Converts the 2D feature maps into a 1D vector to prepare it for
the fully connected layers.

Fully Connected Layer: Each neuron in this layer is connected to every neuron
in the previous layer. This layer combines the features to make predictions.

Activation Function: Another non-linear function like ReL U to introduce non-
linearity.

Fully Connected Layer: Another layer to further process the combined features.

Output Layer: Often uses the SoftMax activation function to produce
probabilities for each class in a classification task.

fc_3 fc_a
Fully-Connected Fully-Connected

Neural Network Neural Network
Conv_1 Conv_2 RelLU activation
Convolution Convolution

(5 x 5) kernel Max-Pooling (5 x 5) kernel Max-Pooling
valid padding (2x2) valid padding (2x2)

INPUT nlchannels nl channels n2 channels n2 channels \|| E

(28 x 28 x 1) (24 x24 x n1) (12 x 12 x n1) (8 x 8 xn2) (4x4xn2) \‘) OUTPUT

n3 units

Figure 1. Architecture of CNN model

Figure 1 illustrates the architecture of CNN model for image recognition tasks.

RNN Model

RNN (Recurrent Neural Network) is a type of neural network designed for
processing sequential data. Unlike traditional neural networks, RNNs have internal
memory, allowing them to maintain context across steps in a sequence. At each
step of a sequence, RNNs receive both the current input and a hidden state from
the previous step. This hidden state acts as memory, retaining information from
earlier inputs. However, standard RNNs can struggle with long sequences due to
the vanishing gradient problem, which makes it hard for the network to learn long-
term dependencies (Figure 2).
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Figure 2. Architecture of RNN model

Popular Variants of RNNs:

To address these challenges, advanced architectures have been developed:

LSTM (Long Short-Term Memory): Maintains long-term dependencies more
effectively using special gates to control the flow of information.

GRU (Gated Recurrent Unit): A simpler and faster variant of LSTM with
similar performance.

These RNN-based models have been widely used in applications such as
chatbots, voice assistants, stock prediction systems, and automated translations.

Results and discussion

The purpose of this research was to develop a sophisticated fire forecasting
and extinguishing system tailored to the unique environmental conditions of
Kazakhstan. Our findings demonstrate how machine learning can significantly
enhance the processes of predicting, detecting, and managing fires.

Data Preprocessing

Data preprocessing is a crucial step in preparing the dataset for training machine
learning models. In this project, preprocessing involved several steps to ensure
that the data was clean, normalized, and appropriately formatted for use with
Convolutional Neural Networks (CNNs) and Recurrent Neural Networks (RNNs).

Below is a detailed description of the data preprocessing steps used: pixel values
of the images were normalized to a range of 0 to 1. This was achieved by dividing
the pixel values by 255. Normalization helps in speeding up the convergence of
the model during training. The dataset was split into training, validation, and test
sets. Typically, 70% of the data was used for training, 20% for validation, and
10% for testing. This split ensured that the model could be evaluated on unseen
data to test its generalization ability. The categorical labels, such as fire presence
or absence, were encoded into numerical values using one-hot encoding or label
encoding techniques. This step was essential for the neural network to interpret the
target variables correctly. By systematically applying these preprocessing steps,
the dataset was transformed into a form suitable for training robust and accurate
machine learning models. This meticulous preprocessing ensured that the neural
networks could effectively learn from the data, leading to improved performance in
predicting and managing fires.

This discussion delves into key results, their practical implications, and future
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research directions. The accuracy and precision of our predictive models were
evaluated using standard performance metrics. The CNN model achieved an accuracy
rate of 92%, while the RNN model demonstrated a slightly lower accuracy of 89%.
Precision rates for both models were also high, with the CNN at 91% and the RNN
at 88%. These results indicate that our models are highly effective in predicting the
likelihood of fire occurrences under varying environmental conditions (Figure 3).
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Figure 3. Accuracy curves for train and test data

Receiver Operating Characteristic (ROC) Curves
The ROC curves for both models further illustrate their predictive capabilities.
The area under the ROC curve (AUC) was 0.95 for the CNN model and 0.93 for
the RNN model, demonstrating excellent discriminative ability between fire and

non-fire events (Figure 4).
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Figure 4. ROC Curves for CNN and RNN models

196




ISSN 1991-346X 1. 2025

These high AUC values confirm the robustness of our models in accurately
forecasting fires. The training process of both CNN and RNN models resulted in
remarkably low loss values (Figure 5), signifying the efficiency of the learning
algorithms in minimizing prediction errors.
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Figure 5. Loss values for CNN and RNN models

The optimization process effectively converged towards the global minima,
ensuring that the models could accurately capture the underlying patterns within
the dataset.

Infrared Filter Visualization:

The output images were enhanced with an infrared filter, providing visual
insights into the intensity of heat signatures associated with potential fires. The
application of the infrared filter facilitated the identification of hotspots and areas
of heightened fire risk within the imagery, aiding in early detection and proactive
fire management efforts.

Scale Representation

A scale was incorporated on the right side of the output images, ranging
from 0 to 0.30 with a step size of 0.05. This scale quantitatively represented
the intensity of infrared radiation captured in the images, with higher values
indicating regions of elevated temperature and potential fire activity (Figure 6).
The inclusion of the scale provided a reference for interpreting the heat signatures
displayed in the images, aiding in the assessment of fire risk levels across different
geographic areas. Both of these images were classified as strong fires, as model
recognized that it was made from far away and scale on the left and under of photo
indicates it well.
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Predictive Accuracy and Model Performance

The training and validation accuracy curves in the second image provide
compelling evidence of the robustness and reliability of our machine learning
models. The convergence of the validation accuracy at around 98% underscores
that the models have generalized well to unseen data (Figure 7). This high accuracy
indicates that the convolutional neural networks (CNNs) and recurrent neural
networks (RNNs) are highly effective in capturing complex patterns within the data
sets, comprising satellite imagery and meteorological information.
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Figure 7. Accuracy curves of CNN model for train and test data

The behavior of these accuracy curves is significant as it suggests minimal
overfitting, where the model performs well not only on the training data but also
on validation data. This is a critical attribute for real-world deployment where the
model will encounter continuously changing environmental inputs. The correct
predictions seen during testing validate the hypothesis that machine learning
models, when properly tuned, can reliably forecast occurrences and spreads of fires.
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Real-Time Detection and Notification System

The visualization in the Figure 8 image illustrates the system’s effectiveness
in identifying active fire instances with labeled confidence scores. The confidence
levels are crucial for practical applications because they represent the algorithm’s
certainty in detecting fire and smoke. Interpreting these levels—ranging from 0.74
to 0.85—indicates a high confidence across multiple fire instances. This suggests
that the system is equipped to process and analyze complex visual data efficiently.

Figure 8. Identification of fire sources with ML models

The real-time nature of this detection system ensures prompt intervention. For
example, rapid identification of fire hotspots allows for immediate deployment
of firefighting resources, significantly reducing potential damage (Figure 8). This
capacity is particularly advantageous for mitigating extensive fire damage in
Kazakhstan’s diverse landscapes, where timely responses can save large areas of
and prevent loss of biodiversity.

Resource Allocation Optimization

Optimizing resource allocation is one of the primary contributions of this
research. The ability to predict high-risk areas accurately allows for the strategic
deployment of firefighting resources. This means that personnel, equipment, and
aerial assets can be targeted to areas predicted to be at the highest risk, rather than
distributed uniformly or reactively.

Conclusion

The integration of machine learning into fire management offers unprecedented
capabilities in data analysis, pattern recognition, and predictive modeling. By
leveraging historical fire data, satellite imagery, weather forecasts, and terrain
information, machine learning algorithms can identify intricate patterns and
correlations that facilitate accurate forecasting of fire occurrences. This predictive
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power is crucial in anticipating fire outbreaks, enabling proactive measures that can
significantly mitigate the devastating effects of wildfires.

One of the key contributions of this research is the development of localized
fire forecasting and extinguishing systems tailored to the unique environmental and
socio-economic context of Kazakhstan. By incorporating local data, such as land
cover maps, vegetation indices, and historical fire records, into machine learning
models, the predictive accuracy is enhanced, ensuring that the specific challenges of
Kazakhstan’s diverse landscapes and climatic conditions are adequately addressed.
This localized approach not only improves model accuracy but also fosters greater
community engagement and support for fire management initiatives.

The implementation of adaptive algorithms capable of dynamically adjusting
firefighting strategies based on evolving environmental conditions and fire
behavior patterns marks another significant advancement. This adaptive approach
optimizes resource allocation and minimizes response time, thereby improving the
effectiveness of fire suppression efforts. For instance, the integration of wireless
sensor networks with machine learning algorithms facilitates early detection of fires
and rapid deployment of firefighting resources, which is crucial for minimizing the
damage caused by wildfires.

Furthermore, the research highlights the importance of real-time decision-
making in fire management. By continuously updating and refining predictive
models with real-time data, the reliability and effectiveness of these models are
ensured across different environments. This real-time capability is vital for effective
fire management, enabling timely interventions that can prevent small fires from
escalating into large, uncontrollable wildfires.

The scientific novelty of this research lies in its tailored approach to Kazakhstan’s
unique environmental and socio-economic context. By addressing the specific
challenges posed by Kazakhstan’s diverse ecosystems and geographical features,
this research adds significant value to the global body of knowledge on wildfire
management. The insights gained from this study can inform the development of
more effective and resilient fire management strategies worldwide, contributing
to the broader effort to mitigate the impact of wildfires on communities and
ecosystems.

In conclusion, the integration of machine learning algorithms into fire forecasting
and extinguishing systems holds significant promise for enhancing the resilience of
ecosystems and communities in Kazakhstan. By harnessing the predictive power of
data-driven approaches, researchers and practitioners can develop more effective
strategies for forecasting, detecting, and extinguishing wildfires. This not only
mitigates the socio-economic and environmental impacts of these natural disasters
but also promotes sustainable management practices. The ongoing research and
development in this field have the potential to transform fire management practices,
making them more responsive and adaptive to changing conditions. Ultimately, this
work underscores the critical role of technology and innovation in addressing one
of the most pressing environmental challenges of our time.
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