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ABSTRACT:   

Graphics Processing Units (GPUs) are vital for handling computationally intensive tasks, particularly in 

real-time 3D applications. Designed with additional processing power, GPUs are optimized to efficiently 

render complex scenes. Shaders, which are small programs running on the GPU, control how each pixel 

is processed and rendered. They affect key aspects of the rendering pipeline, such as geometric complexity, 

texture resolution, and per-pixel lighting. However, the extensive use of shaders can lead to increased 

power consumption, especially when managing complex 3D scenes. This study investigates GPU power 

usage during the rendering process and proposes a dynamic power prediction model. Initially, the power 

consumption of various rendering configurations is analyzed to understand the impact of shader 

parameters. Based on this analysis, a power-aware, dynamically reconfigurable rendering model is 

introduced, designed to optimize power consumption through shader calls while maintaining performance 

and visual quality. The implementation integrates TensorFlow management libraries and dynamic voltage 

and frequency scaling (DVFS), a technique that adjusts the GPU's voltage and frequency based on 

workload demands. Shader parameters such as geometric complexity, texture resolution, per-pixel 

lighting, and filtering are evaluated for their power usage during common GPU tasks. By continuously 

monitoring the framerate, the system dynamically adjusts the GPU frequency to optimize power efficiency. 

A lower framerate limit of 30 frames per second (fps) and an upper limit of 60 fps are established. If the 

framerate exceeds 60 fps, the GPU frequency is reduced to conserve power, while the frequency is 

increased if the framerate drops below 30 fps to maintain smooth performance. This dynamic adjustment 

ensures the GPU operates efficiently without sacrificing the quality of 3D rendering. The experimental 

results demonstrate that the proposed model offers around 40% power savings compared to previous 

methods. Additionally, it improves computational speed while preserving the quality of the rendered 

scenes. This approach highlights the potential for achieving a balance between power efficiency and 

rendering performance in GPUs, making it ideal for power-sensitive applications. 
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1. INTRODUCTION 

Rendering 3D models in real-time is a crucial and challenging task in computer graphics, requiring a 

balance between visual quality and hardware constraints such as power consumption and computational 

overhead. There are two main categories of 3D model rendering: real-time dynamic rendering and pre-

rendered scenes. Real-time rendering is particularly demanding because it involves the immediate 

synthesis of 3D scenes on raw graphics hardware, ensuring flexibility, interactivity, and high-quality 

visuals. This technique is essential for applications like video games, virtual reality (VR), and 

augmented reality (AR), where responsiveness and user interaction are critical. On the other hand, pre-

rendered scenes are typically used in areas like 3D movie production, architectural visualization, and 

simulations, where accuracy and visual fidelity take precedence over speed. The algorithms involved in 

these cases require more time for computation, as they simulate complex lighting physics, including 

reflection, refraction, and shading. This computational intensity makes these techniques unsuitable for 

real-time applications, as their focus is on producing detailed and visually precise results, even if the 

rendering process is time-consuming. One of the biggest challenges in real-time rendering, especially 

in mobile devices and battery-powered systems, is minimizing power consumption. GPUs (Graphics 

Processing Units) play a critical role in rendering, but they are known for being power-hungry due to 

the complex calculations involved in processing high-quality 3D scenes. This power usage directly 

affects battery life and system efficiency, making power optimization a top priority for developers. In 

this field, research efforts focus on reducing computational overhead while maintaining visual fidelity. 

The objective is to optimize rendering algorithms and hardware configurations to produce high-quality 

scenes without excessively increasing power consumption or compromising system performance. As 

3D models grow more complex, it becomes harder to maintain a balance between rendering quality and 

power efficiency, especially when real-time applications require natural, dynamic responses from the 

GPU. There is a significant relationship between rendering performance and power consumption. As 

performance improves, typically through higher frame rates and more detailed scenes, power usage 

increases substantially. Real-time applications, including 3D gaming, simulations, and interactive 

virtual environments, tend to consume large amounts of power, reducing battery life and impacting 

other system components. Several factors play a role in evaluating power consumption in rendering 

applications, including rendering configurations, power efficiency, application characterization, and 

throughput. These metrics help developers understand the interplay between GPU workloads and power 

consumption. Although advanced GPUs are equipped with more energy-efficient technologies, the 

challenge remains in finding an optimal balance between performance and power usage. 

The goal of this paper is to render high-quality, photorealistic 3D models as quickly as possible, while 

staying within a defined power budget. Achieving this objective requires a thorough understanding of 

GPU architecture, rendering techniques, and power optimization strategies. During the rendering 

process, the GPU accelerates tasks such as determining the correct colors for each pixel on the screen, 

after loading each 3D scene into the rendering pipeline. This pipeline comprises several stages, each 

contributing to the final output. Key steps in the rendering pipeline include handling geometrical 

complexity, which involves processing 3D models made up of vertices, polygons, and surfaces. Texture 

resolution is another important factor, as it directly affects the visual quality of the final image. Higher 

texture resolutions require more memory and processing power, leading to increased power 

consumption. Other parameters, such as viewport settings (which determine the visible area on the 

screen), lighting (how objects are illuminated), and shading (how light interacts with objects), also 

influence the quality of the rendered scene. The complexity of handling these parameters can 

significantly increase the overall rendering challenge. Modern GPUs adapt dynamically during runtime 

to optimize performance while adhering to power limitations. One technique commonly used is 

dynamic voltage and frequency scaling (DVFS), which adjusts the GPU's voltage and clock speed based 

on current workloads. This allows the system to save power when full performance isn't needed. For 

instance, when rendering a less demanding scene, the GPU can lower its clock speed, reducing power 
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consumption without sacrificing visual quality. Conversely, when more computational power is 

required, the GPU can increase its clock speed to maintain performance. Both GPU core frequency and 

voltage are affected by these power-saving strategies. As the available bandwidth for processing 

changes, the GPU adjusts accordingly to maintain optimal performance within the given power 

constraints. Power limitations are especially critical for mobile and portable devices, where battery life 

is a key factor. In these situations, the GPU must strike a balance between maintaining high performance 

and conserving power to extend battery life and ensure efficiency. As GPU technology and rendering 

techniques continue to advance, new opportunities for power optimization emerge. Power-aware 

rendering models can help systems adjust dynamically to application demands, reducing unnecessary 

power usage while still delivering high-quality visuals. Techniques such as adaptive shading, selective 

rendering, and efficient memory management contribute to minimizing power consumption in 3D 

rendering. In conclusion, the ongoing challenge in real-time 3D rendering is to deliver high-quality 

visuals while efficiently managing power consumption. By employing techniques such as dynamic 

voltage and frequency scaling, shader optimization, and intelligent workload distribution, developers 

can enhance the efficiency of GPU rendering. This balance between performance and power usage is 

essential for the future of interactive 3D applications, particularly as the demand for high-quality visuals 

continues to grow. 

In the field of computer graphics, rendering 3D models in real time is a complex process that demands 

a lot of computational power, especially from the Graphics Processing Unit (GPU). As the demand for 

high-quality images in 3D games and applications grows, so does the need to find ways to reduce power 

consumption without compromising on the visual quality or performance. The goal of this research is 

to develop a strategy that optimizes GPU settings to save power during real-time 3D rendering, while 

still producing the best possible image quality. 

The main focus of this research is to create a method for power savings that doesn’t negatively impact 

the performance or visual quality of 3D models. The approach involves dynamically adjusting different 

parameters during the rendering process to minimize power consumption. We aim to find the best 

balance between high-quality rendering and efficient power usage, allowing us to maintain 

computational efficiency without overusing the GPU or other system resources. 

Key 3D Model Rendering Parameters - 

First, we take a closer look at the main parameters involved in the rendering process. Understanding 

how these parameters contribute to power consumption helps us identify the areas where we can save 

power without compromising the visual quality. Some of the key parameters we analyzed include 

geometric complexity, texture resolution, level of detail, and per-pixel lighting. 

- Geometric Complexity refers to the number of polygons or vertices used to build the 3D model. More 

complex models with a higher polygon count require more computational power to render, which in 

turn increases power consumption. 

  - Texture Resolution plays a significant role in the quality of the rendered image. Higher resolution 

textures create more detailed and realistic images but demand more memory and processing power from 

the GPU. This increased load contributes to greater energy usage. 

- Per-Pixel Lighting is a technique that calculates light interactions at the individual pixel level, which 

improves the visual realism of the scene. However, this approach is computationally intensive and leads 

to higher power consumption. 

Two additional factors that play a prominent role in power consumption during rendering are frame rate 

and GPU frequency. The frame rate, or frames per second (fps), refers to the number of frames displayed 

per second. A higher frame rate ensures smoother motion in the visual output, with 30 fps to 60 fps 

being the ideal range for most applications. GPU frequency, on the other hand, refers to the clock speed 
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at which the GPU operates. By controlling these two factors, we can manage power usage more 

effectively. 

In our proposed method, the GPU’s frequency is continuously adjusted based on the current frame rate. 

If the frame rate exceeds 60 fps, the GPU frequency is lowered to save power, since the extra frames 

are not needed. Similarly, if the frame rate drops below 30 fps, the GPU frequency is increased to ensure 

smooth performance. This dynamic adjustment of GPU settings helps reduce unnecessary power 

consumption while maintaining an optimal visual experience. 

To better understand power consumption, we conducted a series of experiments using various GPU 

settings to explore how different configurations affect power usage during rendering. These experiments 

involved testing different combinations of GPU settings, labeled from C1 to C8, each with specific 

adjustments to factors like texture resolution, lighting, and geometric complexity. In addition to 

adjusting the settings, we also used TensorFlow, a widely-used machine learning library, to help manage 

the GPU’s performance during the rendering process. TensorFlow provides important information about 

the GPU, such as the type and number of GPUs in use, the kind of application running, and the memory 

usage. TensorFlow also has a built-in pipeline mechanism that allows for parallel data processing, 

speeding up the rendering process and reducing computational time. TensorFlow’s pipeline mechanism 

is a key part of our power-saving approach. By enabling large-scale parallelism, TensorFlow allows the 

system to handle more data in less time, which contributes to faster rendering without increasing power 

consumption. Additionally, TensorFlow helps manage GPU frequency and voltage adjustments, which 

are crucial to minimizing power usage during the rendering of 3D models. 

By integrating TensorFlow into our proposed power-saving strategy, we have created an efficient 

rendering pipeline that dynamically adjusts the GPU’s settings based on real-time data. This dynamic 

adjustment allows the system to maintain the highest possible image quality while reducing power 

consumption. During the rendering of 3D models in real time, TensorFlow continuously monitors the 

GPU’s performance and power metrics. If the frame rate is higher than needed (above 60 fps), 

TensorFlow lowers the GPU frequency to conserve power. If the frame rate drops too low (below 30 

fps), TensorFlow raises the frequency to maintain a smooth and high-quality visual output. This constant 

balancing ensures that the GPU is only using the necessary power for the rendering task at hand. 

Our experimental results show that the proposed power-saving strategy effectively reduces GPU power 

consumption without negatively impacting the quality of the 3D rendered images. When compared to 

other rendering methods, our approach achieved up to 40% power savings. This improvement is due to 

the dynamic tuning of GPU parameters, such as frequency and voltage, in response to real-time 

rendering conditions. In addition to saving power, the integration of TensorFlow’s parallel processing 

capabilities allowed for faster rendering times, further enhancing the system’s overall efficiency. By 

combining power-saving techniques with TensorFlow’s ability to manage large-scale data processing, 

we have created a rendering method that optimizes both performance and power consumption. In 

conclusion, this research demonstrates that it is possible to achieve high-quality real-time rendering 

while significantly reducing power consumption. Our proposed power-saving methodology offers an 

efficient solution for rendering 3D models, with potential applications in areas such as gaming, 

animation, and virtual reality. Future work in this area could further explore other dynamic power-

saving techniques and optimize the rendering pipeline even further, potentially leading to even greater 

power efficiency and longer battery life for devices running graphics-intensive applications. 

The key objectives of this research aim to develop an optimized, power-efficient rendering framework 

for GPUs.  

Objective 1 focuses on investigating the power consumption of GPUs in real-time, specifically 

analyzing how rendering configurations and shader parameters (such as geometric complexity, texture 
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resolution, and lighting) impact energy use during 3D scene rendering. This exploration helps define 

power-heavy parameters. 

Objective 2 aims to propose a power prediction model that dynamically adjusts based on the complexity 

of the scene and the bandwidth occupied by different shader calls. This model will predict power usage 

during rendering to enable better power management. 

Objective 3 involves implementing an algorithm on the GPU accelerator that adjusts the rendering 

configuration in real-time. This algorithm will ensure an optimal balance between visual quality and 

power consumption, enabling more efficient 3D rendering while minimizing energy usage. 

Together, these objectives create a framework for rendering 3D models that is both high-performance 

and energy-efficient. 

 

2. RELATED WORK 

Real-time 3D graphics rendering is a critical component in many multimedia applications today, ranging 

from gaming to simulations and virtual environments. The demand for high-quality 3D scenes, 

combined with the need for immediate dynamic responsiveness, drives system developers to continually 

enhance the performance of rendering processes. However, one significant challenge in this area is 

managing the balance between performance and power consumption. In existing research [1][3], the 

role of integrated and discrete Graphics Processing Units (GPUs) is discussed in relation to workload 

distribution. Poor distribution of rendering tasks across GPU cores often results in excessive power 

consumption, which is a major issue for computing resources dedicated to 3D model rendering [21]. 

This is particularly problematic when the load is not evenly shared among the GPU cores, leading to 

inefficiencies and unnecessary energy usage. To address this issue, our proposed work leverages 

TensorFlow libraries, which offer a solution by identifying individual GPU cores based on their 

allocated workloads. TensorFlow enables the efficient distribution of tasks across the cores, ensuring 

that rendering processes are executed with greater speed and precision. This approach helps in 

optimizing the rendering workload, thereby reducing power consumption while maintaining high 

performance. Researchers in this field often argue that achieving low-power consumption designs for 

processors and accelerators is one of the most significant challenges in modern technology. As 

advancements in 3D rendering continue, power optimization will remain a critical limitation for future 

technological developments [6]. In the design process, several metrics must be evaluated to ensure 

efficiency, including optimized power dissipation, effective throughput, and chip area [4][11]. These 

are crucial factors that influence the overall performance of GPUs and other accelerators used in 3D 

rendering tasks. Our work addresses these concerns by proposing an optimized power-aware framework 

that ensures better workload distribution and power savings while preserving the quality and speed of 

3D scene rendering. 

The growing need for optimized power consumption in GPUs has become a critical concern in various 

fields, particularly in the development of algorithms and hardware-integrated systems for rendering 3D 

graphics. As the demand for higher-quality scenes increases, so do the computational requirements, 

resulting in longer processing times and higher resource usage. This inevitably leads to significant 

power consumption, especially as GPUs must frequently access memory, causing substantial bandwidth 

utilization. A key focus of current research is identifying shader parameters that are closely tied to 

memory access within GPUs. Efficient management of these parameters can greatly reduce power 

consumption. The studies referenced in papers [2] and [7] present a power model that addresses this 

issue, which is based on a traditional stage-based rendering approach that includes batch processing, 

texture handling, and the use of vertex and fragment shaders. The algorithm developed in this research 

revolves around two key components: a power consumption prediction model and a real-time quality 

error estimation strategy. These two mechanisms work in tandem to identify an optimal rendering 
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configuration that minimizes power usage while remaining transparent to the user. The research 

emphasizes the importance of managing shader parameters to achieve significant GPU power savings 

during rendering. One of the main challenges addressed is the time required to compute scene 

complexity. Precomputation, a necessary step for assessing scene complexity, is time-consuming and 

requires numerous memory accesses, which can degrade performance, particularly in dynamic scenes. 

The research explores shader parameters like geometric complexity, texture resolution, per-pixel 

lighting, and filtering, all of which contribute significantly to power consumption. The objective of the 

proposed approach is to identify and optimize these parameters, reducing their impact on power usage. 

Another challenge arises when a scene’s complexity exceeds the GPU’s memory capacity. In such cases, 

the GPU may need to access system RAM or even swap data to disk, significantly slowing the rendering 

process. To address this, the proposed solution integrates the TensorFlow library, which supports 

massive parallelism. TensorFlow cleans up disk space and improves execution speed, making the 

rendering process faster and more efficient. 

Further research, as discussed in [5], proposes a real-time power budget methodology to balance power 

consumption with rendered image quality. This approach provides a generalized implementation for 

various platforms and 3D scene types. The power-saving configurations developed as part of this 

research are tested across six different scenes, showcasing their ability to reduce power consumption 

while maintaining rendering quality. The GPU-based rendering pipeline, as illustrated in Fig. 1, includes 

multiple stages, such as vertex and pixel shaders, which perform complex computations. Larger textures 

consume more memory and require additional data, directly affecting GPU performance. In the vertex 

shader stage, each vertex is processed sequentially, and the manipulation algorithm is executed before 

being passed to subsequent stages in the pipeline. The next stage in the pipeline is the rasterizer, where 

fragments are generated and sent to the pixel shader. The pixel shader manipulates pixels according to 

the parameters, and the results are stored in the frame buffer. This pipeline plays a critical role in 

rendering 3D scenes efficiently, but it also underscores the need to manage power consumption 

throughout the process. The experiments conducted in [17] provide insights into factors such as vertex 

sharing, vertex count, texture mapping, and Level of Detail (LOD), all of which impact GPU 

performance during 3D rendering. These findings offer a foundation for optimizing GPU power 

consumption and enhancing performance in the rendering of 3D graphics. The research highlights that 

more complex scenes lead to increased power consumption, primarily due to higher memory access and 

bandwidth utilization. When more detailed textures and lighting effects are required, power usage rises, 

which can be problematic for applications that demand real-time rendering, such as video games or 

virtual reality environments. To address these issues, the proposed solution focuses on optimizing 

shader parameters and adjusting GPU configurations to reduce power consumption while maintaining 

high-quality rendering. By modifying factors like geometric complexity and texture resolution, the 

overall energy usage of the GPU can be minimized without affecting the visual quality of the rendered 

scene. Additionally, TensorFlow libraries help distribute workloads more efficiently across GPU cores, 

resulting in faster execution and reduced power consumption. The results of this research indicate that 

by fine-tuning shader parameters and implementing power-saving techniques, significant energy 

savings can be achieved in GPU-based rendering. These optimizations can be applied across a variety 

of 3D scenes and platforms, offering a versatile approach to reducing power consumption in multimedia 

applications. In conclusion, the growing demand for high-quality 3D graphics rendering has increased 

the need for power-efficient GPU solutions. By focusing on optimizing shader parameters and refining 

the rendering process, power consumption can be reduced without compromising image quality or 

performance. TensorFlow libraries further enhance the efficiency of the rendering process, enabling 

faster execution and reducing energy usage. This research provides critical insights into the factors 

influencing GPU power consumption and offers practical strategies for achieving power savings in 3D 

graphics rendering. 
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Fig. 1. Graphics pipeline with programming 

 

When bandwidth (BW) occupancy is too high, the GPU may underperform due to multiple threads 

competing for limited space in its memory caches, leading to cache thrashing [7][8]. This inefficiency 

can cause pixels to be shaded without appearing on screen, resulting in excessive bandwidth usage and 

power wastage [11]. Overdraw, a pixel rendering issue, exacerbates this by increasing the fill rate (the 

number of pixels rendered per second) and bandwidth (the data transferred to and from the GPU per 

second), consuming valuable resources and power even during idle periods [12][13]. In such cases, 

overdraw creates unnecessary rendering layers, which intensifies both fill rate and bandwidth demand, 

straining the GPU’s capabilities and causing it to consume more power without improving performance. 

This inefficient resource management leads to heightened power usage while the GPU remains idle or 

underutilized. Our proposed methodology addresses these challenges by optimizing power consumption 

through careful analysis of shader parameters. By dynamically adjusting the GPU core frequency based 

on frame rate monitoring, the rendering process is fine-tuned to maintain optimal performance without 

unnecessary power drain. This strategy helps prevent bandwidth overuse and reduces overall power 

consumption while preserving the quality of the rendered scenes. 

 

3. PROPOSED METHODOLOGY 

The proposed design architecture for a power-aware rendering framework is detailed in Figure 2, and it 

includes three key components: (a) the TensorFlow library, (b) the Graphics Rendering Parameters 

Control (GRPC), and (c) the Dynamic Voltage and Frequency Scheduling (DVFS) technique. Each of 

these components plays a crucial role in optimizing the power consumption of GPUs during 3D model 

rendering, ensuring that high-quality rendering is maintained while minimizing power usage.  
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Fig. 2. The suggested methodology's architecture  

1. TensorFlow Library and Data Parallelism   

The first component, the TensorFlow library, is primarily responsible for managing device placement 

for 3D rendering in the initial stage. By assigning specific tasks to each GPU based on their capabilities 

and availability, TensorFlow helps ensure that the workload is distributed effectively across multiple 

GPUs. This device placement strategy allows for the efficient handling of 3D graphics tasks by 

maximizing data parallelism, which significantly speeds up the rendering process. The TensorFlow 

library plays a pivotal role in defining the frame rates at which the 3D applications will run. By 

dynamically adjusting these frame rates, TensorFlow ensures that the GPU operates within a range that 

has been pre-configured by the user, typically between 30 and 60 frames per second (fps). This range is 

carefully selected to provide an optimal balance between performance and power consumption, with 30 

fps representing the lower limit for acceptable performance and 60 fps serving as the upper limit for 

most real-time 3D applications.  TensorFlow’s ability to notify the system about the current load on the 

GPU is another critical function. By monitoring the GPU's workload, TensorFlow can identify periods 

when the GPU is idle or underutilized. During these periods, it may be possible to reduce the GPU's 

voltage and frequency, thereby saving power without affecting the overall performance of the rendering 

process. 

This research emphasizes the use of the TensorFlow library for dynamic resource management through 

a system known as Dynamic Resource Management System (DRMS), which generates graph nodes for 

computation. In this setup, mathematical operations are executed by the nodes, while the edges 

connecting them are referred to as tensors, represented by multidimensional arrays. The flexible and 

portable architecture of TensorFlow enables it to distribute computations across one or more GPUs 

based on specific requirements. TensorFlow operates as a graph, which is a robust data structure that 

leverages parallel execution to significantly enhance execution speed. One of its notable advantages is 

its ability to identify duplicate operations and suboptimal graphs, replacing them with more efficient 

alternatives to optimize processing time. These features contribute to improved computation efficiency, 

resulting in reduced execution times and enhanced power savings. 

2. Graphics Rendering Parameters Control (GRPC) 

The second component, the Graphics Rendering Parameters Control (GRPC), serves as an intermediary 

in the proposed architecture, manipulating key rendering parameters to reduce power consumption 

during runtime. The GRPC is responsible for adjusting several parameters that affect the rendering of a 

3D scene, including geometric complexity, texture resolution, level of detail, and filtering options. 

These parameters are closely tied to the computational resources required for rendering. By adjusting 

them dynamically, GRPC ensures that the GPU uses only as much power as needed for the current task, 

without overloading the system. For example, geometric complexity refers to the number of polygons 

that make up the 3D models in the scene. By reducing the number of polygons for distant objects or 

simplifying complex shapes in real-time, the system can reduce the computational load on the GPU. 

Similarly, texture resolution can be adjusted based on the distance of objects from the camera, with 

lower resolution textures being used for distant objects. Level of detail (LOD) refers to the process of 

simplifying a model as it moves further from the camera, ensuring that only essential details are 

rendered when the object is far away. Filtering parameters, such as anisotropic filtering, can also be 

dynamically adjusted based on the available GPU resources and the scene’s rendering requirements. 

The Graphics Rendering Parameters Control (GRPC) serves as an intermediary between the power-

optimized frame rate configuration and rendering parameters, ensuring optimal power budget savings. 

There is potential for the GRPC to be enhanced by incorporating additional parameters, as it is not 

limited to the current study and can be adapted to integrate various other factors. In practice, the GRPC 

is implemented as software that independently conducts power analysis of shader parameters, including 
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geometric complexity, level of detail management, texture size, and filtering selection. The proposed 

methodology can be further tested with more parameters to improve the predictive accuracy of the 

framework. 

3. Dynamic Voltage and Frequency Scheduling (DVFS) 

The third and final component is the Dynamic Voltage and Frequency Scheduling (DVFS) technique. 

DVFS is responsible for adjusting the frequency and voltage of the GPU based on the current frame 

rate. During the rendering process, the GPU frequency does not need to remain at its maximum value 

if the current frame rate is lower than the user-defined upper limit. By lowering the frequency when the 

frame rate is within acceptable limits, DVFS ensures that the GPU does not waste power when it is not 

needed. Conversely, if the frame rate drops below the minimum acceptable level (30 fps), the GPU 

frequency is increased to ensure smoother rendering and prevent any visible performance issues. The 

DVFS technique is applied during the experimentation phase by monitoring the GPU core frequency 

through the frame monitor. When the frame rate exceeds the upper limit of 60 fps, the GPU core 

frequency is reduced to the next lower level. This helps conserve power without affecting the user’s 

experience since the visual quality remains the same. On the other hand, if the frame rate falls below 

30 fps, the GPU core frequency is increased to maintain an acceptable rendering speed. This dynamic 

adjustment process ensures that power consumption is minimized while maintaining optimal 

performance for real-time 3D rendering. 

The third and final component of the framework is the Dynamic Voltage and Frequency Scheduling 

(DVFS) technique. DVFS adjusts the GPU's frequency and voltage according to the current frame rate. 

During the rendering process, the GPU does not need to operate at its maximum frequency if the frame 

rate remains below the user-defined upper limit. By lowering the frequency when the frame rate is 

within acceptable bounds, DVFS prevents unnecessary power consumption. Conversely, if the frame 

rate dips below the minimum acceptable level of 30 frames per second (fps), the GPU frequency is 

increased to ensure smoother rendering and avoid noticeable performance degradation. During the 

experimentation phase, the DVFS technique is implemented by continuously monitoring the GPU core 

frequency through the frame monitor. When the frame rate exceeds the upper limit of 60 fps, the GPU 

core frequency is reduced to the next lower level. This adjustment conserves power without 

compromising the user experience, as visual quality remains consistent. Conversely, if the frame rate 

drops below 30 fps, the GPU core frequency is raised to maintain a satisfactory rendering speed. This 

dynamic adjustment process optimizes power consumption while ensuring optimal performance for 

real-time 3D rendering. 

Rendering Workflow  

The proposed methodology is designed to achieve power savings by dynamically adjusting GPU 

settings based on the real-time performance of the system. The workflow begins by analyzing the power 

consumption of the GPU and related computational resources required to render a 3D scene. The 

TensorFlow library is used to manage device placement and data parallelism, which significantly 

improves processing speed. During the rendering process, parameters such as geometric complexity, 

texture resolution, level of detail, and filtering are modified by the GRPC to optimize the power 

consumption of the GPU. Additionally, the DVFS technique continuously monitors the frame rate and 

adjusts the GPU core frequency accordingly. If the frame rate is within the user-defined limits, the GPU 

operates at a lower frequency to save power. If the frame rate falls outside of these limits, the frequency 

is increased or decreased as necessary to ensure that the 3D application runs smoothly. The key 

advantage of this approach is that it allows the system to maintain high-quality rendering while reducing 

power consumption. The dynamic nature of the TensorFlow library, combined with the flexibility of the 

GRPC and DVFS techniques, enables the system to respond quickly to changes in workload and adjust 

GPU settings in real-time. 
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Fig. 3. An overview of the algorithm for dynamic voltage and frequency scheduling  

In our experimental tests, we set a lower frame rate limit of 30 fps and an upper limit of 60 fps. This 

range was chosen because it provides acceptable performance for most real-time 3D applications while 

keeping power consumption to a minimum. The experiments revealed that when the frame rate 

exceeded 60 fps, the GPU core frequency was reduced, resulting in significant power savings. 

Conversely, when the frame rate dropped below 30 fps, the GPU core frequency was increased, ensuring 

that the rendering process remained smooth. Figure 3 shows the dynamic voltage and frequency 

scheduling algorithm used in the proposed methodology. It provides an overview of how the GPU core 

frequency is adjusted based on the frame rate. The results of the experiments demonstrate that this 

approach is highly effective at balancing power consumption and rendering quality in real-time 3D 

applications. By dynamically adjusting the GPU core frequency, the system can achieve power savings 

without sacrificing performance. Overall, the proposed methodology offers a comprehensive solution 

to the problem of high power consumption in GPUs during 3D rendering. By leveraging the TensorFlow 

library for device placement and data parallelism, the GRPC for rendering parameter control, and the 

DVFS technique for dynamic voltage and frequency scheduling, the system is able to optimize power 

usage while maintaining high-quality rendering performance. This approach has the potential to 

significantly reduce the power consumption of GPUs in real-time 3D applications, making it a valuable 

tool for developers and system designers. 

To minimize the additional overhead related to frequency adjustments, our proposed methodology 

restricts the GPU's frequency switching to a maximum of once per second. This strategy ensures that 

the rendering process remains stable while allowing for effective power management. During the real-

time rendering of a 3D scene, the system samples the frame rate within a user-defined window, 

typically consisting of five samples. The average frame rate from these samples is calculated and 

compared to the current frame rate to determine if any adjustments are necessary. When TensorFlow 

assesses the GPU's workload, the Dynamic Voltage and Frequency Scheduling (DVFS) technique is 

activated. This technique adjusts the voltage and frequency levels of the GPU cores based on the 

identified workload. For example, if the average frame rate indicates that the GPU is underutilized, the 

DVFS algorithm will reduce the GPU frequency and voltage to conserve energy. Conversely, if the 

average frame rate falls below the desired threshold—suggesting that the GPU is struggling to keep 

pace with rendering demands—the system will increase the voltage and frequency to enhance 

performance. The primary objective of this research is to develop a power-optimized rendering 

configuration that allows for the efficient rendering of the final image while significantly reducing 

power consumption. This is accomplished through the careful control and modification of various 
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rendering parameters, including geometric complexity, texture resolution, level of detail, and filtering 

techniques. By dynamically adjusting these parameters in real time, the system minimizes the 

computational resources needed for effective 3D scene rendering. A critical aspect of this approach is 

recognizing that maintaining a high GPU frequency is not always necessary, particularly if the current 

frame rate is stable and meets user-defined expectations. If the frame rate remains consistent, the GPU 

can operate at a lower frequency, thus saving energy without compromising rendering quality. The 

proposed algorithm emphasizes a rapid, computationally efficient design for frame rendering while 

adhering to an optimal power budget. It achieves this by simplifying complexities within the 3D scene, 

primarily through adjustments in geometry and texture details. By alleviating unnecessary 

computational burdens, the system enhances overall rendering efficiency while ensuring a visually 

appealing output. This balance between performance and power savings is crucial for real-time 

applications, particularly in contexts where energy consumption is a significant concern. Ultimately, 

the implementation of these strategies provides a comprehensive framework for efficient GPU 

utilization in 3D rendering tasks, showcasing substantial potential for various applications. 

Power = Capacitance × Voltage2 × Frequency 

P: the actual power consumed by the GPU  

C: capacitance  

V: voltage level supplied to GPU  

F: clock frequency of the GPU  

 

4. IMPLEMENTATION 

The rendering of 3D applications relies on several critical parameters, including GPU core and memory 

frequencies, bandwidth, clock speeds, the number of shaders, and texture attributes. These factors 

significantly influence both the performance and power consumption of GPUs. The proposed 

methodology is versatile and can be implemented across various platforms, particularly those 

supporting NVIDIA GeForce GTX and RTX graphics cards, paired with processors as basic as the Intel 

Core i5. For the experimentation phase, the setup includes a desktop PC equipped with an Intel Core 

i7-7700 processor and NVIDIA GeForce RTX 2080 Ti graphics card, along with an NVIDIA Quadro 

P4000. This configuration boasts approximately 4,000 CUDA cores, a GPU core clock speed ranging 

from 1,200 MHz to 1,350 MHz, and memory bandwidth spanning from 192 GB/s to 616 GB/s, with a 

texture fill rate reaching up to 420.2. These specifications enable robust performance, particularly when 

executing the proposed framework, which adjusts rendering configurations dynamically. The selected 

frequency configuration plays a pivotal role, as it triggers each process to identify a new optimal 

rendering configuration for the specified number of frames following each previous setting. This 

adjustment allows for rapid detection of any alterations in the rendered scene, effectively minimizing 

the impact of associated computations on overall performance. By dynamically optimizing the 

rendering parameters based on real-time requirements, the proposed work ensures efficient use of 

computational resources while maintaining high-quality visuals. This not only enhances the rendering 

speed but also contributes to significant power savings, making it an effective solution for real-time 3D 

rendering tasks across a variety of applications. The adaptability of the methodology to different 

hardware setups further broadens its potential for use in diverse scenarios, including gaming, 

simulation, and virtual reality environments. 

4.1 Power Measurement   

The NVIDIA Management Library (NVML) API is utilized to accurately assess the power consumption 

of graphics cards in both laptops and desktop computers. NVML offers a comprehensive framework 

for monitoring and managing the status of NVIDIA GPU devices, enabling direct evaluation of power 
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usage alongside the GPU's supporting circuitry. This capability is crucial for understanding the 

performance and efficiency of the graphics card during demanding tasks like 3D rendering. In the 

experimental setup, power consumption is averaged over 30 frames to provide a reliable measurement 

that reflects the GPU's performance under typical operating conditions. The average Thermal Design 

Power (TDP) for the system is around 270 watts, accompanied by an impressive floating-point 

performance of 5,304 gigaflops (GFLOPS). This performance level indicates the GPU's capability to 

effectively handle resource-intensive computational tasks. The Dynamic Voltage and Frequency 

Scaling (DVFS) mechanism is implemented to further enhance power efficiency by allowing the GPU 

frequency to be dynamically adjusted every second. This real-time frequency modulation helps 

maintain the frame rate within the range of 30 to 60 frames per second (fps), ensuring smooth rendering 

while minimizing power consumption. Through this NVML-configured setup, the methodology 

effectively demonstrates optimal power usage patterns, balancing performance with efficiency. By 

continuously monitoring power metrics and adjusting operational parameters, the approach not only 

enhances the rendering experience but also contributes to sustainable GPU resource utilization across 

various applications. 

 

5. RESULTS AND DISCUSSION 

To establish the rendering workload for our experiments, we utilized a complex synthetic 3D scene that 

accurately depicts a specific scenario typical in 3D gaming, as shown in Figure 4. This scene serves as 

the basis for our tests, providing a rich and dynamic environment to evaluate the performance and 

power consumption of various rendering techniques. The 3D scene is meticulously crafted, featuring 

over 300,000 polygons, which contribute to its complexity and realism. We included 70 different model 

types, primarily statues, each with three levels of geometric detail. This variety enables comprehensive 

testing across different rendering configurations. 

  
 

Fig. 4. 3D scene with power profile 

 

The camera path within the 3D scene was predetermined to ensure a consistent flow throughout our 

experimental tests. This systematic approach allows us to analyze the rendering process effectively, 

eliminating redundancy in our tests. The geometric models are programmatically rotated to optimize 
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the rendering engine's calculations, minimizing the workload associated with caching and maximizing 

efficiency. To validate the proposed methodology, we conducted a series of systematic experimental 

tests, encompassing around eight distinct tuned settings, as outlined in Table 1. These settings were 

developed by examining four key parameters: geometric complexity, texture resolution, level of detail 

(LOD), and filtering features, along with the application of Dynamic Voltage and Frequency 

Scheduling (DVFS). Each of these parameters significantly influences the power consumption of GPUs 

during rendering. 

 

Table 1. Power consumption of each parameter in the experimental setup separately  

 
 

For texture resolution, we considered three different configurations: 2048x2048 pixels, 1024x1024 

pixels, and 512x512 pixels. Each texture setting corresponds to a specific configuration, allowing us to 

assess how changes in resolution impact power usage and rendering quality. The geometric complexity 

is adjusted using a Level of Detail manager, which dynamically alters the detail of the models based 

on their distance from the camera. This adjustment enhances performance by reducing the rendering 

load without compromising visual fidelity. All configurations were loaded programmatically at the 

beginning of the rendering process, ensuring that the correct settings were consistently applied across 

each test. We utilized standard filtering techniques throughout the experiments to enhance image 

quality. This filtering process requires additional computations over the fragment shader but ultimately 

improves visual output by providing more detail and smoother transitions in textures. To evaluate the 

power consumption associated with each configuration, we established a standard reference condition 

known as C1. This condition is assumed to represent the maximum expected power consumption 

among all the tuned settings outlined in Table 1. In this scenario, we aimed to achieve the highest 

possible quality while considering all available factors. Each tuned setting was tested with frame rates 

set between 30 fps and 60 fps, carefully balancing the output close to user-defined limits. This 

flexibility ensures that we can simulate real-world scenarios where users have varying performance 

expectations. Our observations revealed that the lowest power consumption values were associated 

with settings C7 and C8. These configurations are enabled with DVFS, which dynamically adjusts the 

GPU's voltage and frequency based on rendering demands. As a result, they achieve substantial power 

savings while maintaining an acceptable frame rate. Conversely, configuration C4 yielded a 

significantly high frame rate; however, this setting did not utilize filtering, LOD adjustments, or DVFS, 

indicating that while it performs well in terms of speed, it does not optimize power consumption 

effectively. From the data presented in Table 1, it is clear that the reference condition C1 is the most 

power-intensive setting. This condition serves as a benchmark against which we can measure the 
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efficiency of the other configurations. The power consumption results for C7 and C8 demonstrate that 

enabling DVFS leads to significant power savings without sacrificing performance. This finding 

highlights the importance of adaptive power management techniques in modern rendering frameworks. 

Furthermore, our experiments emphasized the trade-offs between performance and power 

consumption. While achieving high frame rates is critical for user satisfaction, it is equally important 

to consider the energy costs associated with different rendering settings. The ability to dynamically 

adjust the GPU's power usage based on rendering demands provides a viable solution to mitigate these 

costs while maintaining high-quality visuals. As we analyzed the results, we recognized that integrating 

LOD and filtering techniques could further enhance our framework's efficiency. By intelligently 

managing the level of detail and applying appropriate filtering methods, we can optimize power 

consumption without sacrificing the quality of the rendered scenes. This optimization is particularly 

beneficial in applications where battery life is a concern, such as mobile gaming or laptop usage. In 

conclusion, our research demonstrates that using a complex 3D synthetic scene enables effective 

evaluation of various rendering techniques and their impact on power consumption. The careful 

selection of parameters, such as geometric complexity, texture resolution, and filtering features, is 

crucial for optimizing the rendering process. By employing a reference condition and systematically 

analyzing different tuned settings, we have established a clear understanding of how each configuration 

affects GPU power usage. The implementation of DVFS is particularly noteworthy, as it offers a 

powerful mechanism to achieve significant power savings without compromising rendering 

performance. As the gaming and graphics industries continue to evolve, incorporating such adaptive 

techniques will be essential for developing efficient rendering solutions that meet both performance 

expectations and power constraints. Future research can build on these findings by exploring additional 

parameters and optimizing rendering workflows to further enhance the efficiency and quality of 3D 

rendering in real-time applications. 

5.1. Textures  

Tuned settings C1 through C3 were analyzed to assess the power consumed due to the increased 

workload from changing the texture resolution of the test scene. When varying the texture resolution 

in the tested scene, we examined the power consumption for these tuned settings. However, no 

significant benefits were observed for tuned settings C2 and C3. Specifically, reducing the texture 

resolution to 1024x1024 pixels resulted in a marginal improvement in GPU power consumption, 

yielding a negligible reduction of just 2%. 

5.2. Filtering  

To assess the power consumption associated with filtering on the GPU, we define tuned setting C4. In 

this configuration, filtering is turned off, resulting in a minor reduction in image quality. All other 

parameters remain unchanged from the reference setting, C1. Disabling the filtering process allows the 

GPU to save around 35% of energy in comparison to the reference condition setting. 

5.3. Level-of-Detail (LOD)  

The impact of geometric complexity is evaluated using tuned setting C5, where Level of Detail (LOD) 

management is activated. With LOD management in place, the GPU achieves energy savings of 

approximately 33% compared to the reference tuned setting C1, resulting in an overall performance 

improvement of 15%. 

5.4. Dynamic Voltage and Frequency Scheduling  

The implementation of the Dynamic Voltage and Frequency Scaling (DVFS) mechanism is examined 

in tuned setting C6. By enabling DVFS, the GPU frequency is dynamically adjusted every second 

during runtime, ensuring that the frame rate remains between 30 and 60 fps. This approach results in a 

significant reduction in GPU power consumption, achieving an improvement of approximately 74%. 

Under tuned setting C6, the effects of DVFS on power consumption are evident, with the GPU 
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frequency being managed dynamically and maintaining the specified frame rate range. Overall, more 

than 50% improvement in GPU power consumption is observed in this DVFS state. 

5.5. Overall Observations  

Figure 5 illustrates the frame rates achieved across all experimental tuned settings, revealing 

performance differences resulting from the applied optimizations. As indicated in Table 1, settings C7 

and C8 show considerable power savings, particularly when all optimization configurations are enabled 

and texture resolutions of 512x512 and 2048x2048 pixels are used. Specifically, under condition C7, a 

notable 50% power saving for the GPU is recorded. The majority of these savings are attributed to the 

Dynamic Voltage and Frequency Scaling (DVFS) technique, while a small portion comes from Level 

of Detail (LOD) management and filtering. This indicates that enabling DVFS while disabling LOD 

and filtering produces the most significant GPU power savings. In terms of texture resolution, even 

with the reduction to 512x512 pixels in tuned setting C8, the expected power savings were not as 

significant. This suggests that simply lowering texture resolution has limitations in its impact on power 

consumption, indicating that other factors play a crucial role in overall GPU performance. Additionally, 

the proposed methodology investigates the effects of per-pixel lighting and shading calculations, 

commonly referred to as vertex-based calculations, during the rendering of 3D scenes on the GPU. The 

per-pixel lighting scenario is particularly computationally demanding, resulting in higher power 

requirements during the rendering process. Consequently, both fill rate and bandwidth can become 

limited resources, further contributing to power usage. To address these challenges, the proposed 

methodology includes an analysis of per-pixel lighting in relation to GPU power dissipation. By 

reducing compute time and eliminating duplicate pixels, this approach decreases switching activity and 

optimizes the processing of relevant triangles, ultimately improving power efficiency. 

 
 

Fig. 5. Achieved frame rates across all experimentally adjusted parameters 

 

Table 2 shows enhancements in rendering performance, with an increase from an existing rate of 1.235× 

to 1.548×. This reflects significant overall power savings, as the average power consumption is reduced 

compared to previous studies, such as [5] and [7], which typically require extensive precomputation 

and complex implementation mechanisms for rendering scenes. The proposed methodology 

demonstrates a remarkable improvement in power efficiency, ranging from 1.812× to 4.826×, 

depending on the size of the triangles being rendered. Smaller triangles need less precision, correlating 

with the higher power savings achieved with this methodology. Even when larger triangles, up to a size 

of 255 pixels in both width and height, are rendered, a notable improvement of 1.876× in power 



Investigating Eco-Friendly Rendering Solutions For 3d Models on Multi-Core Processors 

66 

efficiency is still observed. Further analysis reveals that when the GPU operates at a frequency of 250 

MHz, the minimal average power consumed is around 142.0 mW. Rendering a single pixel requires an 

average of 600.8 picojoules (pJ), leading to an overall average efficiency of the rendering pipeline of 

approximately 2.143 million pixels per millijoule (MPixels/mJ). Implementing Dynamic Voltage and 

Frequency Scheduling (DVFS) can be especially advantageous during times when performance 

configurations do not demand maximum processing power. This adaptive approach not only enhances 

power efficiency but also contributes to the overall sustainability of the rendering process in 3D 

applications. 

Table 2.  Comparison of power using and without using the suggested methods 

 

These findings showcase the effectiveness of the proposed methodology in optimizing GPU power 

consumption while maintaining rendering performance. By focusing on critical aspects of power 

management, including DVFS and the handling of geometric complexity, texture resolutions, and 

lighting calculations, this research successfully addresses the inherent challenges of rendering in 3D 

environments. The results indicate that further exploration into additional parameters, such as fill rates 

and bandwidth occupancy, could provide even deeper insights and improvements in future research. A 

comprehensive understanding of the interactions among these various factors is essential for enhancing 

the efficiency of GPU rendering processes, making significant strides toward more sustainable graphics 

performance in both gaming and professional applications. 

 

6. CONCLUSION AND FUTURE WORK 

This paper discusses the results of experimental tests aimed at optimizing power consumption in 3D 

rendering. Our proposed methodology integrates three key components: the TensorFlow library, 

Graphics Rendering Parameter Control (GRPC), and Dynamic Voltage and Frequency Scheduling 

(DVFS). These elements work together to improve power efficiency while maintaining the visual 

quality of rendered 3D scenes. The heart of our experimental framework focuses on essential 
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parameters of 3D scenes, such as geometry resolution, filtering, level of detail (LOD), texture 

resolution, and texture size. Each of these parameters plays a significant role in the rendering process, 

and we carefully evaluated their impact on both power usage and the quality of the images produced. 

By fine-tuning these parameters, we ensured that we could consistently maintain a frame rate of 30 

frames per second (fps). This frame rate allows users to explore the rendered 3D scenes in detail without 

interruptions. An important aspect of our work was to keep the scene resolution high. Lowering the 

resolution can lead to noticeable quality issues, so we focused on maintaining high-quality scenes while 

also optimizing power consumption. Our results indicate that it is possible to achieve this balance 

effectively. The experimental findings show notable power savings when examining each parameter 

independently. More impressively, when we combine all the parameters, we achieved overall power 

savings of up to 40%. This substantial reduction in power consumption demonstrates the effectiveness 

of our proposed methodology in optimizing GPU performance while still delivering high-quality 

rendering results. The framework we developed has several key advantages that make it suitable for 

real-time 3D rendering applications. One significant benefit is that it does not rely on extensive 

precomputation, which is common in traditional rendering techniques. Instead, our framework can 

smoothly handle dynamic scenes without any decrease in frame rates. This ability to adapt quickly is 

crucial for interactive applications, where user experience depends heavily on smooth visuals. 

Additionally, the methodology excels in performing per-pixel lighting analysis. By integrating this 

analysis into our framework, we were able to significantly reduce power consumption while ensuring 

that the quality of the rendered scenes remains high. This capability is essential for applications where 

realistic lighting effects are important for enhancing the overall visual experience. 

The power settings within our framework are individually configured for each demonstration, allowing 

for precise monitoring of optimal rendering configurations. This flexibility helps us understand how 

different settings affect power usage and performance, contributing to our overall goal of power 

optimization. The use of the TensorFlow library is also vital to the success of our methodology. 

TensorFlow enhances the parallelism of computations, which leads to faster rendering processes. Its 

ability to manage and distribute computational tasks across multiple processing units increases overall 

system efficiency. By using TensorFlow's dynamic computation graph, our framework can adapt to 

varying workloads in real-time, optimizing both performance and power consumption effectively. 

Moreover, the implementation of DVFS technology is critical for maximizing power savings. This 

technology allows us to dynamically adjust the GPU's frequency and voltage based on real-time frame 

rate measurements. By lowering the GPU's power usage when full performance is not required, we can 

conserve energy while still delivering high-quality graphics. This dynamic adjustment is particularly 

beneficial in scenarios where frame rates fluctuate, allowing the GPU to operate at lower power levels 

without sacrificing visual fidelity. While our research demonstrates the effectiveness of the proposed 

framework, there remains significant potential for further development. The predefined camera paths, 

scene exploration techniques, and various measurements of quality under different configurations show 

the promise of our approach. However, future work can expand on this foundation by exploring 

additional parameters related to complex 3D models. For example, analyzing bandwidth occupancy 

and fill rates among pixels could provide deeper insights into the computational demands of different 

rendering tasks. These factors often require substantial power during the rendering process and are 

worth investigating alongside our proposed methodology. In addition to these considerations, we can 

also explore resource balancing techniques that focus on managing the workloads of both the CPU and 

GPU. This approach could yield valuable insights into how to allocate resources dynamically, ensuring 

that both processing units work together effectively to deliver optimal performance and efficiency. In 

conclusion, this paper highlights the importance of our proposed methodology for power optimization 

in 3D rendering applications. By integrating the TensorFlow library, GRPC, and DVFS techniques, we 

have developed a framework that reduces power consumption while maintaining high-quality 

rendering. Our experimental results demonstrate a promising 40% reduction in power usage, 

showcasing the potential of our approach in real-world applications. By continuing to explore 

additional parameters and resource balancing techniques, we can further enhance the framework's 

capabilities and contribute to advancements in power-efficient 3D rendering solutions. 
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