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ABSTRACT

In the area of computer graphics the design of hardware and software has primarily been driven by the need
to achieve maximum performance. Energy efficiency was usually neglected, assuming that a stable always-on
power source was available. However, the advent of the mobile era has brought into question these ideas and
designs in computer graphics since mobile devices are both limited by their computational capabilities and their
energy sources. Aligned to this emerging need in computer graphics for energy efficiency analysis we have setup
a software framework to obtain power measurements from 3D scenes using off-the-shelf hardware that allows for
sampling the energy consumption over the power rails of the CPU and GPU. Our experiments include geometric
complexity, texture resolution and common CPU and GPU workloads. The goal of this work is to combine the
knowledge obtained from these measurements into a prototype energy-aware balancer of processing resources.
The balancer dynamically selects the rendering parameters and uses a simple framerate-based dynamic frequency
scaling strategy. Our experimental results demonstrate that our power saving framework can achieve savings of
approximately 40%.
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1. INTRODUCTION

In the last 20 years we have witnessed an ever increasing growth in the mobile market with device capabilities
increasing alongside user demand. 3D graphics applications, such as computer games, are today no longer
restricted to traditional hardware platforms, such as desktop computers or game consoles, but are also widely
popular on mobile devices. Despite advances in hardware and software, mobile devices still depend on a limited
energy source and their size requires that components are as small as possible. These two constraints impose a
limit on the processing power their SoCs can deliver, since battery capacity can be very quickly exhausted under
intensive compute loads, while high heating levels can easily be reached.

Innovative power efficient hardware designs and advances in battery technology may help alleviate these
problems in the future, but they are currently unable to meet user demand for running computationally taxing
software (e.g. games, video, etc.) for extended periods of time on mobile devices. In contrast, a variety
of inexpensive power efficiency and resource management software solutions have been showing promise on
supplementing advances in hardware for which more it is typically more difficult and costly to reach the market.

Aligned to these software solutions, in this work we present a prototype energy-aware balancer of processing
resources that takes advantage of graphics rendering parameters, relevant to most 3D graphics applications,
capable of achieving substantial energy savings on mobile devices. We first measured the power consumption of
different parameters affecting processing in the graphics pipeline, such as geometric complexity, texture size and
filtering, and combined this knowledge with a CPU dynamic frequency scaling scheme driven by the temporal
behavior of the framerate of a real 3D application.
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In this paper, we present a proof-of-concept power saving framework for 3D applications, which adjusts 3D
graphics rendering parameters to conserve energy while preserving computational resources, when these are not
required by the application at hand. We also describe a power measurement framework and report the results
of our power measurements from a series of tests that we have performed in order to design the power saving
framework.

2. RELATED WORK

In this section we will review selected research that is relevant to our work on energy efficiency in 3D graphics
applications running on mobile devices or embedded systems. The 3D graphics pipeline and in particular game
applications have been repeatedly investigated to evaluate their impact on energy consumption. Ma et al.1

conducted a study aimed to identify and quantify bottelnecks in the 3D graphics pipeline on system-on-chip
mobile architectures. It was based on the use of two popular games (Quake 3 and XRace), used as benchmarks.
They obtained measurements of performance and power consumption by isolating five stages of the rendering
pipeline: Application, Geometry, Texture fetching, Fragment shading and Pixel processing. From the results,
the authors showed that the Geometry stage uses a major portion of power and computation time, consuming
more than 40% of the total computing time and more than 35% of total power, on all three platforms they have
utilized. Dietrich and Chakraborty2,3 presented a game state-based power management technique that achieves
power savings of around 50%. Their technique is based on the interception of texture calls to identify the current
game state (e.g. menu screens vs actual gameplay). The power consumption is then reduced by decreasing the
CPU’s voltage and frequency provided that the next frame’s workload can be handled adequately. The next
frame’s workload is predicted simply by using the timing of previous frames.

Pathania et al.4 proposed a power management approach that exploits the use of Dynamic Voltage Frequency
Scaling (DVFS) for an integrated CPU-GPU system. When comparing their approach to an independent CPU-
GPU power management scheme, they report an energy saving of up to 28% for games, while maintaining a
comparable framerate. Arnau et al.5 designed TEAPOT, a full system GPU simulator aimed at evaluating the
performance, energy and image quality of a mobile graphics subsystem. TEAPOT includes a cycle accurate
GPU model for evaluating performance, a power model for mobile GPUs, a power model for OLED screens and
image quality metrics. For a set of commercial Android games, they reported that up to 90% of GPU energy
can be saved by reducing screen resolution, with less than 13% image quality degradation. Also, they analyzed
the importance of a full-system GPU simulation since popular tasks such as image composition consume 26% of
GPU time and 24% of GPU energy on average.

Vatjus-Anttila et al.6 presented a mathematical model which is able to estimate the power consumption of
a given mobile device using as parameters the characteristics of 3D scene complexity, such as the number of
triangles, render batches and texels. The results showed that without a proposed compensation strategy the
model was able to predict the power consumption within 6.3%, while with their compensation strategy it was
able to predict consumption within 3.2%.

Pool et al.7,8 introduced the idea of modifying the arithmetic precision of vertex and fragment shaders, used
in the programmable graphics pipeline, as a means of controlling the power consumption of a system. Energy
saving was evaluated together with image quality degradation as a function of computational precision, allowing
the user to dynamically change the operating precision at the vertex shader’s level. The authors also showed
that it is possible to reduce the precision of the intermediate operations in fragment shaders without incurring
noticeable differences in the final image.

Visual perception has also been investigated as a means to reduce the power consumption of mobile devices.
The concept of Point of Imperceptibility (PoI) has been proposed by Wu et al.9 and a metric was devised to
link it to geometric Level-of-Detail (LOD). Taking as an input the original mesh LOD, mobile screen resolution
and mesh lighting information the metric derives the mesh LOD to be rendered to the given screen resolution
without a noticeable difference, when compared to the original mesh. They demonstrated that the use of this
metric improves power efficiency. The impact of shading algorithms on power consumption, such as Gouraud and
Phong, was investigated by Euh and Burleson,10 who reported an 85% of power saving. A dynamically adaptive
hardware texture mapping system that is based on a model of human visual perception, which is less sensitive



to the details of moving objects, was developed by Euh et al.11 The authors reported power savings of up to
33.9%, due to the reduced offchip memory accesses in the adaptive texel interpolation algorithm. In addition,
they saved up to 73.8% of power, using variable clock and supply voltage scaling in the computing unit.

3. POWER SAVING FRAMEWORK

In this work, we have acquired a set of basic measurements to better understand whether graphics rendering
parameters such as geometric complexity, texture size and filtering play a significant role in power consumption.
The power measurements we have obtained, described in more detail in Section 4, suggest that as the complexity
of the three parameters increases, power consumption increases too.

A crucial requirement in interactive and real-time 3D applications is that a framerate of a minimum of 30
frames per second (FPS) is maintained, so that the user experience remains acceptable. Based on this well-known
requirement we have devised simple logic to maintain a higher than real-time framerate. This is achieved by
manipulating (a) the parameters of our scene and (b) the frequency of the CPU.

The central idea of this framework is that while a 3D scene is rendered, geometric and texture complexity can
be modified to reduce the computational resources required for achieving real-time processing. In addition, while
rendering it may be unnecessary to maintain a high CPU frequency if the framerate is within an acceptable range.
The proposed algorithm consists of a simple, but very fast and computationally inexpensive, frame monitoring
procedure that is independent of the energy savings that can be obtained by reducing the complexity of the scene
(e.g. geometry).

An overview of the main interoperating components of our framework are shown in Figure 1.

First, we define a user-configurable range of framerates that the 3D application will operate within. In our
tests we use a lower bound of 30 fps and an upper bound of 50 fps. This range provides for acceptable real-
time performance for most 3D applications, but a different range may be selected for different hardware and
applications. Then, in real-time we sample and store the framerate of the application within a short user-defined
window (we use a buffer of 5 samples of the framerate by default). We calculate the average of these samples
and compare it to the current framerate. If the current framerate is higher than the upper bound set, the CPU
frequency is decreased to the next level allowed by our processor. In contrast, if the framerate is below the lower
bound specified, we increase the frequency of the CPU to achieve a higher framerate. It must be pointed out that
switching CPU frequencies is performed at most once per second to prevent the CPU governor from generating
additional overhead. For instance, we observed that setting the frequency on a per frame basis (i.e. every 33
ms) had a detrimental effect in system performance.
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Figure 1: An outline of the proposed Power Saving Framework. The framerate is continuously monitored and
the GRPC adjusts scene parameters via the Unity3D API, while the DFS component communicates with the
Android OS to adjust CPU frequency.



Because 3D scenes are constantly changing, our power saving algorithm cannot respond to extremely fast
changes in scene complexity. However, in practise we found out that even when interactively playing a 3D game
our framework’s frequency scaling capability left the user experience unaffected.

The proposed framework is primarily comprised of two components: (a) the Graphics Rendering Parameters
Control (GRPC), which is the interface for manipulating parameters that have an effect on power consumption
at run-time, described next in Section 3.1, and (b) the Dynamic Frequency Scaling component that adjusts the
frequency of the CPU when it should not run at its maximum capacity, described in Section 3.2.

3.1 Graphics Rendering Parameters Control

The Graphics Rendering Parameters Control (GRPC) acts as the interface between the power saving logic of the
framerate-based framework and the rendering parameters that have been defined as opportune for power saving.
The GRPC can be extended to include other parameters and is not restricted to the specific ones presented
in this work. In practice, the GRPC is software implemented within Unity3D and performs geometric LOD
management, texture size and filtering selection.

3.1.1 Geometry

The capability of the human visual system to see details is typically affected by the size of the projection of an
object onto the retina, which is affected by the size of the object and its distance from the observer. In computer
graphics this principle is very frequently used to reduce the computational cost of rendering 3D scenes. It is
typically referred to as Level-Of-Detail (LOD) management. Objects of a 3D scene are not represented by a
single geometric mesh; instead the same object is represented by a set of geometric meshes that range from high
geometric complexity to low. According to how far the object is from the camera and the size of its projection
on the screen, the LOD manager chooses an object accordingly to maximize perceived quality. When objects
are not conspicuous, computational resources to render them, and thus power, can be conserved by choosing
an instance of the object with a lower geometric complexity. The geometric complexity of 3D objects have,
primarily, an impact in the calculations of the vertex processor of the GPU.

3.1.2 Textures

Textures are images used in 3D graphics applications to increase the realism of geometric objects, but without
increasing the geometric complexity of the scene. However, texture resolution may play a role texture filtering
operations typically used to increase the quality of the final rendered image. Higher resolution textures provide
for more detailed rendering, yet textures can occupy significant amounts of main memory and, depending on
scene setup, using large textures may impact fillrate and significantly increase filtering time.

3.2 Dynamic Frequency Scaling (DFS)

When the CPU is clocked at a high frequency power consumption increases. A common strategy to saving
energy is to identify application processing requirements and subsequently regulate CPU frequency and voltage
to provide enough processing power to the application without operating at its maximum capacity. The proposed
CPU frequency scaling logic we emply, alongside the GRPC, drastically reduces the overall power consumption
of a mobile device, as our experiments suggest (see Section 4). An overview of the main steps of the algorithm
are shown in Figure 2.

When initialized the DFS component obtains the operating frequencies possible by the device’s CPU and
the upper (UF) and lower (LF) bound frequencies are set to the maximum and minimum of these operating
frequencies. While rendering the application maintains historical values of the framerate and compares the
current framerate at regular intervals in order to determine if the application run within a range of acceptable
framerates. In principle, when the framerate drops, the frequency is progressively increased, while the frequency
is reduced when the device exceed the maximum desirable framerate.
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Figure 2: An overview of the CPU Dynamic Frequency Scaling algorithm.

4. EXPERIMENTAL RESULTS

To devise the Power Saving Framework presented in Section 3 we have modified “RobotLab”, a complex demo
3D scene by Unity3D, which enabled us to test a number of representative conditions that can potentially affect
rendering when using the engine to develop games for Android and used an off-the-shelf hardware and software
solution to obtain power measurements. The most important modifications and characteristics of our scene are
described in Section 4.1; in Section 4.2 details about the power measuring setup are provided and in Section 4.3
the tests we performed are laid out. Finally, in Section 4.4 we discuss the results obtained and their use in
developing the Power Saving Framework.

4.1 Test Scene

As rendering workload we used a complex 3D synthetic scene that is representative of a typical gaming scenario
(see Figure 3). A predefined camera path was defined to move through the scene in a replicable manner across
any tests. The base geometry of the Unity3D RobotLab scene exceeds 250k polygons. We have added 65 models,
representing statues, each having 3 levels of geometric detail (approx. 3.5k, 1.7k, 1k triangles for each of the
LOD levels). In addition, we used 30 cubes with a bump mapped specular material that we programmatically
texture mapped at run-time. Similarly 6 large rectangular panels are also texture mapped to provide a surface
with a large area to be filtered. All models, except from the statues, are programmatically rotated to prevent the
rendering engine from caching calculations. The models are strategically sized and positioned to provide for the
LOD management to be activated effectively at run-time. For all rendering we use Unity’s vertex lit rendering
path that renders each object in one pass, with lighting from all lights calculated using object vertices, rather
than doing prohibitively expensive per pixel calculations.

4.2 Hardware and Software Measurement Tools

In our work we utilized the Qualcomm MDP800 Smartphone, an off-the-shelf smartphone specifically designed
for mobile application developers. The device has a Snapdragon 800 SoC, with a Quad-core Krait 400 CPU at up
to 2.3 GHz per core, an Adreno 330 GPU, a 4.3”, 720p HD LCD backlit display and 2GB LPDDR3 RAM. The
advantage over commercial smartphones is that it features a power management integrated circuit (PMIC) used
to take power measurements from the battery, while an Embedded Power Measurement (EPM) Programmable
System-on-Chip (PSoC) is used to obtain power consumption of system components from their power rails on
the device’s motherboard.

The MDP800S had an Android 4.2.2 operating system and we used the Trepn Profiler in our framework
which is a software utility developed by Qualcomm specifically tailored for collecting the power measurements
and converting them to a database format that can be later analyzed. We instrumented our test 3D scene’s
software so that Trepn was programmatically initialized and a baseline was obtained before each individual



(a) (b) (c)

Figure 3: Figure (a) shows the MDP800 Smartphone while in the simple Unity3D scene used for obtaining the
baseline, (b) shows a frame from the actual 3D scene being power profiled, while (c) shows a screenshot of a
frame from the modified RobotLab Unity3D scene that we obtained our power measurements from.

measurement. Of particular interest in our work were the CPU, GPU and Battery power rails, as well as the
CPU and GPU Loads. Battery power consumption is provided as an absolute value, while the other two power
measurements are deltas to a baseline, measured for 15 seconds before rendering our test 3D scene. Loads are
reported as a percentage.

4.3 Experimental Conditions

To devise and also validate our framework we performed a series of experiments consisting of 8 different configu-
rations (conditions) as shown in Table 1. These conditions are generated by varying 4 different factors affecting
power consumption that include geometric complexity, texture resolution, filtering and dynamic frequency man-
agement (DFS). Texture resolutions taken into account are three 20482, 10242 and 5122 pixels and each texture
in each configuration is programmatically loaded only once at startup of the rendering process. The geometric
complexity is changed through the use of an LOD manager available under Unity as described in Section 3.1.
Filtering used in this test is standard 4x multisample anti-aliasing (MSAA) which improves image quality at the
expense of additional computations on the fragment processor of the GPU. The CPU’s Frequency management
is performed using the proposed algorithm described in Section 3.2.

Condition Texture Res. Filtering LOD Management DFS

C1 20482 Y es No No
C2 10242 Y es No No
C3 5122 Y es No No
C4 20482 No No No
C5 20482 Y es Y es No
C6 20482 Y es No Y es
C7 20482 No Y es Y es
C8 5122 No Y es Y es

Table 1: Experimental Conditions designed to test how each factor independently affects power consumption, as
well as interesting and reasonable combinations of them.

4.4 Discussion

To evaluate the power consumption of each measurement we define a reference condition (C1) that corresponds
to the maximum expected consumption of energy among the experimental conditions defined in Table 1. In this



Power Measurement C1 C2 C3 C4 C5 C6 C7 C8

Battery (absolute) 5384mW 2% 1% 2% 13% 23% 43% 40%
CPU (avg. delta) 307mW 12% 32% 15% 40% 74% 80% 74%
GPU (avg. delta) 299mW 1% 7% 33% 32% 19% 72% 71%

Table 2: Power consumption measurements for 8 different conditions, as shown in Table 1. The first column
presents the power consumption of the reference condition C1. The percentages reported for conditions C2-C8

represent the savings obtained with respect to the reference condition. Higher values represent better power
savings. It can be clearly seen that when DFS is enabled, as in C6, C7 and C8, the best power savings are
achieved. Note that battery power is reported as an absolute value in mW , while CPU & GPU consumptions
are expressed as deltas of average consumption from the respective baseline values.
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Figure 4: Framerates achieved across all experimental conditions.

condition the maximum quality across all factors is chosen. That is the highest resolution texture size, 4x MSAA
filtering is enabled, the geometric level of the objects are assigned to the highest complexity and no frequency
scaling takes places by our algorithm. The operating system uses the ondemand CPU governor by default. For
each subsequent experimental condition these parameters are programmatically enabled or disabled. Table 2
summarizes the results with respect to the reference condition.

For each Condition we obtained 3 measurements of 3 minutes each and we took the average of these mea-
surements in order to reduce noise in our data. We have also experimented with longer rendering durations,
e.g. 5 and 10 minutes. However, we observed no noticeable differences in the obtained averages to justify the
additional amount of time. It should be noted that in our scene within the first 3 minutes the fly-through camera
repeats several cycles of its predefined animated path. Thus, increasing the amount of time does not alter the
type of images being rendered beyond the first 3 minutes, as it may have been the case with a different scene
or a real gameplaying scenario. Therefore for different scenes a different duration may be necessary to properly
power profile an application.

In each measurement we sampled the energy consumption over the power rails of the Battery, CPU and GPU
components of the MDP device. The average power consumption of the battery power is reported as an absolute
value measured in mW and also averaged across the 3 runs for the reference condition, while the CPU and GPU
power consumptions are reported as the average consumption from a recorded baseline (taken from the device
before running each measurement for 15 secs). Overall battery power consumption as a function of time, as well
as consumption on the CPU and the GPU are shown in Figure 5.

The achieved framerates can be seen in Figure 4. The requested framerate for all conditions was between 30



and 50 frames per second. In all cases the framerate is maintained within, or close to, the user-defined range
of framerates. It can be observed that C7 and C8 have the lowest values, but they are also the conditions with
the highest power savings, as we will discuss next. C4 in contrast achieves a very high framerate, but is also the
condition in which expensive MSAA filtering is disabled and there is neither LOD overhead, nor DFS.
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Figure 5: Graphical representation of the power consumption of the Battery, CPU and GPU for all experimental
conditions. The figures on the left column show the amount of power consumed over time (lower is better). It can
be clearly seen that the reference condition C1 is the most expensive, while C7 and C8 (DFS-enabled conditions)
provide the best savings. The figures on the right handside column show the average power consumed as a
percentage of the maximum power consumed by the reference condition C1. From top row to bottom, the
Battery Power, CPU and GPU values are shown.



4.4.1 Textures

Conditions C1 through C3 are investigating the power consumption of the workload introduced by varying the
texture resolution of the test scene. Reducing the texture resolution to 10242 pixels offers only a negligble
improvement of the overall power consumption (2%), while the average consumption on the CPU improves by
12% and the GPU a marginal 1%. Condition C2 does not effectively introduce a significant benefit. Condition
C3 exhibits similar results, which suggests that the CPU is less utilized as the texture size decreases (for instance
reduce I/O and memory transfers), but since expensive multisampling filtering is enabled, probably any benefit
in the GPU and overall power consumption is negated.

4.4.2 Filtering

To analyse the effect of filtering on the power consumption of the MDP device, we have defined Condition C4.
In this condition 4x MSAA filtering is disabled, slightly trading off image quality, while all the other parameters
are the same as those of C1 (the reference condition). Disabling the filtering step, allows to achieve an energy
saving of about 15% for the CPU and 33% for the GPU when compared to the reference condition. The higher
improvement in energy savings observed on the GPU can be explained by the fact that the filtering step is
performed on the GPU, which is not enabled in C4.

4.4.3 Level-of-Detail (LOD)

The effect of geometric complexity is tested in C5, in which LOD management is enabled. In this case geometry
is modified dynamically according to the current viewpoint in relation to the visible objects. The energy savings
introduced by the LOD management, when compared to the reference condition C1, is of about 40% for the
CPU and 32% for the GPU respectively, while a 13% gain in overall consumption is observed.

4.4.4 CPU Frequency Scheduling

The DFS logic we proposed is examined through in C6. Enabling the DFS the CPU frequency is dynamically
managed at runtime every 1 sec and attempts to maintain a framerate between 30 and 50 fps. It can clearly
be observed that a 74% improvement in CPU power consumption is achieved. However, this also appears to be
positively affecting the GPU and overall battery power expenditure.

4.4.5 Overall Measurements

Conditions C7 and C8 are describing the measurements with all optimizations enabled and a variable texture
resolution of 20482 and 5122 pixels respectively. The overall saving in C7 is very high, reaching 80% for the CPU,
72% for the GPU and 40% overall consumption. For the CPU the majority of the energy savings are probably
due to the DFS management and only a small percentage is due to the LOD management or filtering. On the
other hand, since the DFS is affecting the CPU, the GPU is showing a trend that is more close to the energy
saving sum obtained by the individual parameters. For instance the 72% of energy saving of the GPU can be
seen as a sum of the energy saving achieved by disabling filtering, LOD management and enabling the DFS.
Interestingly, when reducing the texture resolution to 5122, as in C8, an energy saving was not observed and the
overall saving between C7 and C8 is practically comparable. One explanation on texture resolution is that there
is a limitation of the OpenGL ES driver or a Unity3D optimization we are not aware of, thus texture resolution
appears to offer no significant advantage. Another may be that we use vertex-based lighting calculations and a
difference may be more obvious when using per-pixel lighting and shading calculations.

5. CONCLUSIONS & FUTURE WORK

In this paper we have presented results from several power measurement tests we performed using the popular
Unity3D game engine. We have contributed a simple, yet effective, combination of opportune scene complexity
parameters (i.e. geometry and texture size and filtering) with a CPU DFS algorithm. Our results demonstrate
that power savings can be obtained using each of these methods independently, however their combination
provides overall savings of up to 40%.

As this is still work in progress, we are currently investigating the potential impact of other 3D graphics
parameters, e.g. per-pixel lighting, which are known to be computationally and energy demanding. Finally,
we are also currently investigating other resource balancing techniques, especially between the CPU and GPU
workloads.
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