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Abstract. This review paper investigates the current research status of adaptive environmental 
control systems driven by image recognition technology. By analyzing and summarizing recent 
studies, This paper outline key methods and frameworks for dynamically regulating indoor 
environments using computer vision, including control of humidity, temperature, and lighting. Current 
technologies mainly meet requirements for monitoring temperature and humidity and manually 
adjusting these conditions, but do not achieve full autonomy in adaptively modifying environmental 
parameters for human comfort. So, I made this system in the hope of providing people with better 
living conditions and a more intelligent living experience. Existing methods have improved user 
comfort and energy efficiency; however, challenges remain in robustness, real-time performance, 
privacy protection, and adaptability to different environments. This paper highlights these limitations 
and presents future directions, including integration of multimodal sensor data, development of 
inference models for lightweight devices, and establishment of standardized evaluation benchmarks. 
It aims to provide a comprehensive foundation for the further development of vision-based intelligent 
environmental control systems and inspire more intelligent adaptive solutions. 
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1. Introduction 

The rapid advancement of smart home technology has significantly transformed indoor 

environmental management, offering enhanced convenience, personalization, and energy efficiency. 

A central component of this transformation is the development of adaptive environmental control 

systems, which aim to dynamically regulate parameters such as temperature, humidity, and lighting 

in response to real-time sensory inputs [1]. Despite notable progress in environmental sensing 

technologies, a substantial gap remains in the seamless integration of these systems with autonomous 

control mechanisms that are capable of intelligently responding to environmental dynamics and 

occupant behaviors. 

Currently, most smart home systems rely predominantly on manual user input or predefined 

schedules for environmental regulation, which limits the system’s responsiveness to spontaneous 

changes in ambient conditions or occupant needs [2]. Although real-time data acquisition is made 

possible by modern sensors, the interpretation and autonomous decision-making based on such 

data remain significant challenges [3]. As a result, many existing solutions lack true adaptability—an 

essential attribute for maintaining both energy-efficient operations and occupant comfort. 

Among the emerging technologies with untapped potential for enhancing adaptive control is image 

recognition. While computer vision has been widely applied in fields such as surveillance, object 

detection, and activity tracking [4], its integration into environmental control frameworks remains 

relatively underexplored. Through real-time analysis of occupant presence, movement patterns, or 

even inferred comfort preferences, image recognition can enable more precise and context-aware 

environmental adjustments [5]. For example, identifying whether a user is sleeping, working, or 

exercising may inform intelligent decisions regarding lighting levels, thermal comfort, and ventilation 

without requiring manual input. 

However, the practical deployment of such systems faces several technical and ethical challenges. 

First, image recognition algorithms often suffer from degraded accuracy and increased latency in 

dynamic and cluttered home environments [6]. Second, the use of visual data in private residential 
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spaces raises significant privacy concerns, particularly regarding continuous monitoring and data 

storage [7]. Third, adaptive systems must exhibit high levels of generalizability and robustness to 

function reliably across diverse spatial configurations and varying user preferences. 

This paper explores the integration of image recognition technology into adaptive environmental 

control systems within smart home environments. By reviewing the current state of the art and 

identifying key research gaps, this study aims to highlight the core technical obstacles and propose 

potential directions for future work. The ultimate goal is to contribute to the development of next-

generation intelligent environmental control systems, capable of achieving higher levels of 

autonomy, energy optimization, and user-centered responsiveness. 

2. Design of Adaptive Environmental Control System Architecture 

2.1. System Architecture 

The system consists of five main modules: 

Cameras capture real-time indoor images, while IoT sensors (temperature, humidity, light) collect 

environmental data. Raw images are normalized, filtered, and processed for feature extraction using 

Convolutional Neural Networks (CNN) [8]. Visual and sensor features are fused to enhance 

robustness against occlusions and noise using a weighted fusion mechanism. Deep learning models 

(e.g., LSTM) predict user activity and environmental trends; fuzzy logic or reinforcement learning 

adjusts HVAC/lighting [8]. Continuous monitoring ensures dynamic recalibration of control 

parameters. 

The flow chart is as follows (Figure 1). 

 

Fig. 1 System Data Processing Flowchart 

2.2. Privacy Protection Strategy 

1. Process image and radar data locally on edge devices to avoid uploading raw visual data. 

2. Introduce federated learning and local lightweight model training to protect user privacy while 

enhancing model performance [9]. 

3. Apply a Local Differential Privacy (LDP) scheme to obfuscate sensitive information and 

prevent re-identification [10] 

3. Fundamentals of Adaptive Environmental Control System Technology  

The combination of image recognition technology and adaptive environmental control systems 

offers great potential for the development of smart homes. Image recognition technology, with the 

help of deep learning algorithms, enables the system to analyze and interpret visual data, adjusting 

environmental parameters in real time based on the user's presence, activity, and preferences. To 

understand the potential and challenges of this integration, it is necessary to delve into the applications, 

advantages, and disadvantages of current image recognition technologies, adaptive systems, and deep 

learning technologies in these fields. 

3.1 Image Recognition Technology in Smart Homes 

Image recognition, particularly through the use of Convolutional Neural Networks (CNNs), has 

achieved significant progress across various domains such as security, healthcare, and entertainment. 

In the context of smart homes, image recognition enables systems to comprehend the indoor 

environment, recognizing objects, human presence, and movements. This visual input is crucial for 



 

105 

adjusting environmental factors like temperature, lighting, and humidity. Recent advancements in 

computer vision, such as the development of more sophisticated CNN architectures [11], have notably 

improved the accuracy and efficiency of image recognition tasks. The following is a schematic 

diagram based on CNN processing (Figure 2). For example, a Convolutional Neural Network (CNN) 

can detect pneumonia from chest X-rays by automatically extracting features such as lung shape and 

shadow density. Trained on large datasets, it delivers results within seconds, achieving accuracy 

comparable to medical experts, thereby improving diagnostic efficiency and reducing misdiagnosis 

risk. 

 

Fig. 2 Simulation scenario of CNN in smart home applications 

Despite these advancements, applying image recognition to adaptive environmental control 

presents challenges. One significant advantage of image recognition is its ability to efficiently provide 

real-time feedback on environmental changes and user needs, allowing dynamic adjustments. 

However, its drawbacks are also considerable. Image recognition algorithms generally require 

substantial computational resources, especially when processing high-resolution video data. This can 

lead to delays in system responses, particularly in dynamic environments. Additionally, the accuracy 

of image recognition is sensitive to lighting conditions, environmental complexity, and occlusions, 

making it difficult to maintain high precision in dynamic settings [12]. Privacy concerns are another 

significant issue when using visual data for monitoring and analyzing user activities, making strict 

data protection measures essential. 

3.2 Deep learning and image processing 

Deep learning has significantly enhanced the capabilities of adaptive systems, particularly in 

image recognition, decision-making, and real-time environmental adjustments. By utilizing deep 

neural networks (DNNs), these systems can learn complex patterns from large datasets, thereby 

autonomously improving their performance [13]. Notable applications of deep learning in adaptive 

control systems include the use of Recurrent Neural Networks (RNNs) and Long Short-Term Memory 

(LSTM) networks, which are adept at capturing temporal dependencies in environmental data to 

predict and adapt to future changes.[14] 

 

Fig. 3 ViT image recognition principle 

The primary advantage of deep learning lies in its ability to automatically extract features from 

raw data, reducing the need for manual feature engineering and enabling accurate predictions for 

environmental control [15]. Recent research results are cited here, and the Vision Transformer (ViT) 
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architecture can be directly used for image recognition tasks, and SOTA performance can be achieved 

without the need for convolutional structure by dividing the image into patch sequences and feeding 

it into the Transformer [16]. (Figure 3) 

However, deep learning also presents several notable limitations. A major challenge is the 

substantial computational power required for training and deployment. These models typically need 

high-performance hardware, such as GPUs or specialized processors, which may not be feasible for 

resource-constrained smart home devices. Consequently, deep learning often requires trade-offs 

between model complexity and computational efficiency [17]. In addition, deep learning models are 

commonly referred to as "black-box" models due to their lack of interpretability, which raises 

concerns about transparency, especially in privacy-sensitive applications [18]. 

Recent advancements have addressed some of these challenges by introducing techniques such as 

model pruning and quantization, which help reduce computational demands while maintaining 

performance [19]. Moreover, explainable AI (XAI) approaches, including attention mechanisms, 

have been developed to enhance the transparency of deep learning models [20]. Despite these 

improvements, further research is required to optimize computational efficiency, model explainability, 

and other problems in order to fully unlock the potential of deep learning in adaptive smart home 

systems. 

3.3 Adaptive Environmental Control Systems 

Adaptive environmental control systems aim to automatically adjust indoor parameters in real-

time to maintain an optimal living environment. These systems typically rely on various sensors (e.g., 

DHT temperature, humidity, motion, and light sensors) to monitor the environment and make 

adjustments. Unlike traditional systems that depend on fixed schedules or manual adjustments, 

adaptive systems respond dynamically to changing conditions based on real-time data. 

The primary advantage of adaptive environmental control systems is their ability to autonomously 

adjust based on actual needs, enhancing user comfort and achieving energy savings. The latest 

advancements in sensor fusion, which combines data from multiple sensor types (e.g., temperature 

sensors and cameras), have greatly improved the robustness and flexibility of these systems [21]. 

According to the latest research results of the A-MuSIC system [22], the system improves the visual 

position recognition ability in changing environments through adaptive selection of visual positioning 

technology. However, these systems also face certain limitations. For example, the real-time 

responsiveness and accuracy of the system heavily depend on the speed of data processing. In 

environments with frequent changes, delays may affect the system’s responsiveness. Moreover, 

although various sensors are available, their adaptability in different environments remains limited. 

For instance, over-deployment or under-deployment of sensors can lead to over-adjustment or 

delayed responses [23]. 

4. Optimized Design of Adaptive Environmental Control System 

4.1 Feasibility Analysis 

Cameras and sensors installed within the smart home environment, along with IoT-driven climate 

control devices [24], such as smart thermostats, can provide the data required for the image 

recognition system. These devices seamlessly interface with the image recognition software through 

robust communication protocols. The progress in machine learning, particularly deep learning 

algorithms, is critical for processing the image data captured by sensors and making intelligent 

decisions. Convolutional Neural Networks (CNNs) can be used to detect and interpret various human 

activities and environmental parameters from the images [25]. Ensuring user privacy and data security 

is a key consideration in implementing such systems. Image data should be processed locally or 

anonymized both measures to protect personal information. Additionally, secure communication 

protocols must be established to safeguard data transmission. 
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4.2 Proposed Architecture 

Cameras or sensors placed within the smart home environment will continuously monitor the room 

and capture images or video streams. The captured data will undergo preprocessing (e.g., noise 

reduction, image normalization), and relevant features, such as human presence, activity type, or even 

body heat, will be extracted using computer vision techniques. Deep learning models (e.g., CNNs or 

RNNs) will be employed to analyze the image data and interpret occupant behavior and 

environmental conditions. Based on the analysis, the system will adjust smart thermostats, HVAC 

systems, or lighting to suit the detected environmental conditions. For example, reducing heating 

when no occupants are present or adjusting the temperature according to body heat. [26] Additionally, 

the system will be capable of detecting sudden extreme weather conditions and promptly making 

adjustment recommendations. The system will continuously monitor the environment, adapt to 

changes in real-time, and provide feedback to users for further adjustments when needed.[27] 

5. Summary 

In conclusion, the development of an adaptive environmental control system leveraging image 

recognition holds substantial promise for advancing the intelligence, automation, and personalization 

of smart home environments. By integrating technologies such as computer vision and deep learning, 

the system enables real-time perception of occupant behavior and indoor conditions, allowing for 

dynamic regulation of temperature, humidity, and lighting. Unlike traditional systems that rely on 

fixed schedules or manual input, this architecture supports continuous adaptation to user presence, 

activity levels, and environmental fluctuations. The result is a more responsive and user-centric living 

space that aligns with both individual comfort needs and real-time contextual changes. 

The practical feasibility of such a system is increasingly supported by advances in affordable 

imaging hardware and efficient processing platforms, which enable accurate detection of human 

posture, activity, and even physiological cues like body temperature. This data-driven control 

approach allows for real-time climate optimization that adapts to diverse household configurations, 

occupant preferences, and seasonal variations. Beyond enhancing comfort, the proposed system 

contributes meaningfully to energy efficiency and sustainability by minimizing unnecessary energy 

use through intelligent adaptation. As the technological foundation continues to evolve, adaptive 

environmental control systems based on image recognition are poised to become a cornerstone of 

next-generation smart home automation. 
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