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ABSTRACT 
 
Currently mobile services are on the verge of full commercialization ahead of 5G mobile communication (5G). The 

first goal could be to preempt the 5G market through realistic media services utilizing VR (Virtual Reality) and AR 

(Augmented Reality) technologies that users can most easily experience. Basically this movement is based on the 

advanced development of smart devices and high quality graphics processing computing power of mobile application 

processors. Accordingly, the importance of mobile GPUs is emerging and the most concern issue becomes a model 

for predicting the power and performance for smooth operation of high quality mobile contents. In many cases, the 

performance of mobile GPUs has been introduced in terms of power consumption of mobile GPUs using dynamic 

voltage and frequency scaling and throttling functions for power consumption and heat management. This paper 

introduces several studies of mobile GPU performance prediction model with user-friendly methods not like 

conventional power centric performance prediction models. 
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1. Introduction 1 

Nowadays, the current 4G/LTE network mobile 

services are moving to 5G mobile communication era 

with the help of the advanced evolvement of information 

and communications technologies (ICT) and corresponding 

applications. 4G technologies may have limitations of 

providing services requiring both real-time response and 

big data sizes. Under 4G/LTE network, it is not possible 

for us to have instantaneous cloud services on mobile [1-3]. 

The new feature of 5G will include unlimited 

information exchange, massively diverse connectivity, 

and devices with self-sustained energy. Fig. 1 shows 5G 

service roadmap and network requirements made by 5G 

Forum [1]. This reports introduces the 5G mobile service 

scenario in which virtual reality/augmented reality 

service and massive content streaming service are 

introduced as examples of immersive 5G services. 

This evolvement is on the base of the advanced 
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development of smart devices and high quality graphics 

processing computing power of mobile application 

processors along with the development of network 

communication technology. Accordingly, the importance 

of mobile GPUs is emerging and the issues of low power 

and the performance for smooth operation of high quality 

mobile contents has become one of the most concern 

issues [4]. In many cases, the performance of mobile 

GPUs has been introduced in terms of power 

consumption of mobile GPUs using dynamic voltage and 

frequency scaling and throttling functions for power 

consumption and heat management [5-8].  

This paper introduces several studies of mobile GPU 

performance prediction model with user-friendly methods 

not like conventional power centric performance prediction 

models. The rest of the paper is organized as follows. In 

Section 2, we review the basic concept of graphic 

processing pipelines and Qualcomm Adreno GPU 

module on Snapdragon. Section 3 introduce several 

studies of mobile GPU performance prediction model. 

Section 4 concludes this paper. 
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Fig. 1. 5G service roadmap and network requirements. 

 

2. Background 

2.1 Modern GPU 
In general, the GPU receives geometry information 

from the CPU as an input and provides a picture as an 

output. Fig. 2 shows a diagram of modern graphic 

processing units. The host interface is the communication 

bridge between the CPU and the GPU. It receives 

commands from the CPU and also pulls geometry 

information from system memory. It outputs a stream of 

vertices in object space with all their associated 

information such as normals, texture coordinates, per 

vertex color, etc. 

The vertex processing stage receives vertices from the 

host interface in object space and outputs them in screen 

space. This may be a simple linear transformation, or a 

complex operation involving morphing effects. They are 

are also transformed. No new vertices are created in this 

stage, and no vertices are discarded such that input/ 

output has 1:1 mapping. 

Next is triangle setup stage in which geometry 

information becomes raster information (screen space 

geometry is the input; pixels are the output). Prior to 

rasterization, triangles that are back-facing or are located 

outside the viewing frustum are rejected. Some GPUs 

also do some hidden surface removal at this stage. A 

fragment is generated if and only if its center is inside 

the triangle. Every fragment generated has its attributes 

computed to be the perspective correct interpolation of 

the three vertices that make up the triangle. 
 

 
Fig. 2. Graphic processing pipelines. 
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Next is pixel processing stage. Each fragment 

provided by triangle setup is fed into fragment 

processing as a set of attributes (position, normal, 

texcoord, etc), which are used to compute the final color 

for this pixel. The computations taking place here 

include texture mapping and math operations. Typically, 

the bottleneck occurs here in modern applications. 

Memory interface follows at last. Fragment colors 

provided by the previous stage are written to the 

framebuffer. Used to be the biggest bottleneck before 

fragment processing took over Before the final write 

occurs, some fragments are rejected by the zbuffer, 

stencil and alpha tests. On modern GPUs, z and color are 

compressed to reduce framebuffer bandwidth (but not 

size). 

Memory interface follows at last. Fragment colors 

provided by the previous stage are written to the 

framebuffer. Used to be the biggest bottleneck before 

fragment processing took over Before the final write 

occurs, some fragments are rejected by the zbuffer, 

stencil and alpha tests. On modern GPUs, z and color are 

compressed to reduce framebuffer bandwidth (but not 

size). 

As for the programmability in the GPU, vertex and 

fragment processing, and now triangle set-up, are 

programmable. The programmer can write programs that 

are executed for every vertex as well as for every 

fragment. This allows fully customizable geometry and 

shading effects that go well beyond the generic look and 

feel of older 3D applications. The graphics pipelines of a 

standard desktop GPU and a mobile GPU are almost 

identical. 

Fig. 3. Snapdragon platform. 

2.2 Snapdragon 820 Mobile Processor 
Fig. 3 shows the overview of Qualcomm’s Snapdragon 

820 processor [10], the leader in the mobile industry. It 

has a 64-bit dual core Kryo CPU that is enhanced 

approximately twice than its previous series of Krait 

CPU. It comes with well managed power management 

techniques, hyper threading, and automatic shutdown of 

caches, voltage scaling, frequency scaling, and other 

software level management techniques to optimize 

power and to increase performance of processors. It also 

equips with Hexagon-DSP to allow high quality multi-

media processing with low power. 

Graphics processor unit is essential for the display of 

smart phones for visualization. This allows user-friendly 

interfaces along with gaming and VR/AR application 

platforms. In addition to that, for the powerful camera 

features Snapdragon 820 makes use of Spectra ISP 

technology that support 14 bit intra spectra processor that 

supports three cameras. 

 

3. GPU Performance Models 

3.1 Adreno GPU Architecture 
Generally, a mobile GPU has several processing units 

for graphics pipelines: unified shader (US), texture 

mapping unit (TMU), and render output processor (ROP). 

Fig. 4 shows the architecture of Adreno GPU and its 

graphics pipeline [9]. They are almost same as that of 

desktop GPU. Also, mobile GPUs equip with a 

programmable architecture in which the processing 

functions of vertex shader and fragment shader are 

integrated into. This architecture is called a unified 

shader and it performs the graphics pipelines consisting 

of vertex shader, geometry shader, pixel shader, 

tessellation, and computation operations. They have the 

functions of dynamic scheduling and load balancing 

systems. Because of that computing units can be 

allocated flexibly according to the amount of work to be 

handled [4]. 

TMU performs texture mapping and filtering 

operations cooperating with pixel and vertex shader units. 

ROP controls the sampling of the pixel; depth testing and 

alpha blending are its main tasks to determine the color 

of the final pixel. Finally, ROP writes all the rendered 

data to the frame buffer. 
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Fig. 4. Graphics pipeline of Adreno (a), Direct3D 10 graphics pipeline (b). 

 
 

 
Fig. 5. Profiling analysis of Snapdragon. 

 

Among these components, US comprises the greatest 

portion of a general GPU. Accordingly, almost all 

graphics processing tasks are handled by US. To 

understand the relationship between Adreno GPU H/W 

units and performance, the measurement of low-level 

performance value of the Adreno GPU using the 

snapdragon profiler as shown Fig. 5 was conducted [4]. 

 

3.2 GPU Performance Models 
In mobile processors, the graphics processing 

performance directly affects the power consumption of 

the mobile GPU. From this point of view, there may be 

several methods of measuring and predicting power 

consumption of them. Several studies introduced the 

method of measuring the power consumption of each 

graphic processing step. 

For this purpose, three-dimensional (3D) graphics 

scene attributes and pipeline primitive information sere 

used. In addition, a method of analyzing power 

consumption in the pipeline stage was introduces [11-13]. 

Huang et al [11] developed a micro-benchmark suite 

specifically tailored to the embedded GPU design based 

on graphic attributes and constructed a high-level energy 

model to assist graphic programmers to balance between 

performance, quality, and energy budget. Vatjus-Anttila 

et al [12] introduced a mathematical model for predicting 

power consumption. They measured the power 

performance according to the change of triangle based on 

the scene and camera view. Mochocki et al [13] analyzed 

the power models of 3D graphics pipelines in details by 

considering the effects of various 3D graphics factors 

such as resolution, frame rate, level of detail, lighting 

and texture maps on power consumption. In addition to 

that, this work identified and compared the benefits of 

candidate DVFS schemes for mobile 3D graphics 

pipelines. [14] analyzed the power consumption according 

to dynamic voltage and frequency scaling (DVFS) using 

the specifications of CPU and GPU monitoring the 

deviation caused by DVFS. 

Xie et al. [6] proposed an estimation method for  
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Table 1. Mobile GPU performance models 

Items [4] [11] [12] [13] [14] 
Platform Mobile Embedded Mobile Mobile Mobile 
Analytic 
Model Mathematical 

equation
Linear regression

Mathematical 
model

None
Linear 

Regression 

Model 
Factor 

Instruction 
throughput on unified

shader 
 

GPU frequency, the 
calculation speed of 
shaders (GFLOPS)

Energy 
consumption  
of each stage  

(Vertex Shader, 
Tile Accelerator, 
Image Synthesis 

Processor) 

Triangles, 
Batches, Texels 

Resolution, 
Frame rate, LOD, 
Lighting model, 
Texture Model 

GPU  
Frequency & ,  

Utilization 

 

mobile GPUs. They used 3D rendering low-level 

performance which was measured at the early stage of 

SoC design. In addition, they built a linear regression 

model for estimating mobile GPUs. However, since the 

utilization factor which is variable due to DVFS is not 

considered, it may be difficult to predict performance 

close to actual performance. 

A new method was introduced to predict mobile GPU 

performance by analyzing the relationship between 

hardware units that make up GPU performance. 

Ascertaining the maximum performance for which 

DVFS and throttling were considered [4]. Through micro- 

benchmarking, it measured low-level performance values 

and investigated the direct impact on performance by 

assigning workloads to each hardware device. On this 

basis of the working loads of US, the performance 

prediction model was made with the instruction 

throughput. 

Table 1 shows several models for performance 

prediction mentioned before according to categories of 

characteristics. In the table, the “platform” identifies the 

device to be predicted, “analytic model” refers to the 

model used for prediction, and “model factor” refers to 

the factors used to derive the analytic models. 

 

4. Conclusion 

As the advanced development of smart devices and 

high quality graphics processing computing power of 

mobile application processors become popular, the 

importance of mobile GPUs is emerging. Therefore, one 

of the most concern issue is a model for predicting the 

power and performance for smooth operation of high 

quality mobile contents. Until now, the performance of 

mobile GPUs has been introduced mostly in terms of 

power consumption of mobile GPUs using dynamic 

voltage and frequency scaling and throttling functions 

for power consumption and heat management. This 

paper introduces several studies of mobile GPU 

performance prediction model with user-friendly 

methods not like conventional power centric 

performance prediction models. 
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