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Abstract 3D Internet technologies are becoming

essential enablers in many application areas including

games, education, collaboration, navigation and social

networking. The use of 3D Internet applications with

mobile devices provides location-independent access

and richer use context, but also performance issues.

Therefore, one of the important challenges facing 3D

Internet applications is the deployment of 3D graphics

on mobile devices. In this article, we present an

extensive survey on optimization techniques for 3D

graphics deployment on mobile devices and qualita-

tively analyze the applicability of each technique from

the standpoints of visual quality, performance and

energy consumption. The analysis focuses on opti-

mization techniques related to data-driven 3D graph-

ics deployment, because it supports off-line use, multi-

user interaction, user-created 3D graphics and creation

of arbitrary 3D graphics. The outcome of the analysis

facilitates the development and deployment of 3D

Internet applications on mobile devices and provides

guidelines for future research.
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1 Introduction

3D graphics started to emerge as a separate branch in

the field of computer graphics in the 1970s, when the

first pieces of 3D graphics were introduced to both

movie industry and computer gaming. In those days,

expensive gaming consoles were needed to enjoy the

3D graphics, whereas today, even regular mobile

devices have enough power to run applications

enriched with 3D content. Along with the develop-

ment of 3D graphics, the growth of the Internet and its

mobilization has allowed seamless networking and

multi-user applications for mobile users. The combi-

nation of 3D content and the Internet is sometimes

called the 3D Internet, which is concerned with
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creation, modification, storage and transmission of 3D

content and its presentation to the user. 3D content

can include 3D graphics, 3D video and 3D audio, but

in this article, we solely focus on 3D graphics.

Particularly, our focus is on polygon meshes that are

also commonly known as surface meshes, since they

only present the surface of a 3D model using vertices,

edges and faces.

Commercially, the most successful 3D Internet

applications have focused on entertainment. For

example, massive multiplayer online (MMO) games

that are capable of supporting a large number of users

simultaneously have seen growth rise to 12 billion

dollars in 2012 [1]. However, there are a growing

number of new enablers that will speed up the

introduction of 3D Internet applications in the future.

First, wireless radio technologies such as LTE and

WiFi make it possible to transmit large volumes of 3D

graphics quickly. Second, WebGL supports viewing

3D graphics in a web browser, which provides a cross-

platform access to 3D graphics without the need for

installing any additional applications [2]. Third,

technologies for creating 3D graphics, such as depth

cameras, are becoming cheaper and accessible to a

wider range of users [3]. Fourth, many applications

with a strong 3D Internet base such as augmented

reality are seeing new growth [4]. Supported by these

new enablers, the 3D Internet will eventually emerge

in many application areas including, for instance,

education [5, 6], collaboration [7], navigation [8] and

social networking [9].

Today, high-end mobile devices have the same

computing power, storage and communication capa-

bilities as powerful desktop computers from 10 years

ago [10]. As a result, a variety of applications that were

previously only available in the fixed network envi-

ronment have been introduced to the mobile realm.

This trend can be seen with social networking appli-

cations, for example, Facebook is now primarily

accessed using mobile devices [11]. The use of mobile

devices presents benefits for 3D Internet applications

through wireless network access and richer context due

to multiple embedded sensors such as a GPS/

GLONASS, an accelerometer, a microphone and a

camera [12]. These features of mobile devices enable

creation of 3D Internet applications that are not tied to

any fixed location, while providing richer interaction

with the 3D Internet application itself as well as with

the surrounding physical environment [4, 13].

Despite recent developments, the deployment of 3D

graphics is still a demanding task for mobile devices

which typically are very heterogeneous in terms of

performance [14, 15]. First, the rendering of 3D

models is a heavy process for both the graphical

processing unit (GPU) and the central processing unit

(CPU), and furthermore, 3D rendering requires a lot of

memory to run fluently [16]. Second, the size of the 3D

models that need to be delivered is large, which sets

demands for the wireless bandwidth [17]. Third, the

intensive use of hardware resources has a significant

effect on the limited battery life of a mobile device

[18].

In the literature, a significant number of techniques

have already been introduced that enable the optimiza-

tion of 3D graphics deployment according to the

heterogeneous capabilities of end-user devices. The

prior research altogether covers the whole delivery

chain of 3D graphics including the 3D graphics

creation, remote 3D graphics simplification, 3D graph-

ics delivery, on-device 3D graphics optimization, and

the 3D graphics rendering on the end-user device [19].

In this article, the focus is on remote 3D graphics

simplification, 3D graphics delivery and on-device 3D

graphics optimization, which are the phases, where the

application/system developer (hence called the devel-

oper) has the best opportunity to influence the charac-

teristics of 3D graphics. Furthermore, the article

focuses only on data-driven 3D graphics deployment,

where the 3D graphics received from the server drives

the client’s generic engine to reproduce the intended 3D

space. The data-driven 3D graphics deployment pro-

vides good support for off-line use, multi-user interac-

tion, creation and delivery of user-created 3D graphics

as well as creation of arbitrary 3D graphics.

Although the optimization techniques for 3D graph-

ics deployment have been widely examined by the

research community, the applicability of these tech-

niques for mobile devices has been rarely discussed.

Furthermore, there exist no comprehensive studies that

categorize and analyze the optimization techniques

particularly from the standpoint of mobile devices.

Capin et al. [14] present some optimization techniques

for mobile devices, but their focus is more on 3D

displays and 3D user interfaces. Gotchev et al. [20]

provide an extensive survey on 3D content optimization

for mobile devices, but their focus is solely on 3D video

and the related optimization techniques. Evans et al.

[21], in turn, introduce technologies for presenting 3D

8 Page 2 of 27 3D Res (2015) 6:8

123



graphics on a web browser without any particular focus

on mobile use. In this article, we aim to fulfil this gap by

providing (1) an extensive literature survey on the

existing optimization techniques applicable for mobile

devices, and (2) a qualitative analysis of their advan-

tages and disadvantages from the standpoints of visual

quality, performance and energy consumption. The

contents of this article facilitate the selection of

appropriate optimization techniques when implement-

ing 3D Internet applications for mobile devices in the

further research and development.

The rest of this article is organized as follows: the

analysis framework is presented in Sect. 2, where

Sect. 2.1 introduces different approaches for deploy-

ing 3D graphics on mobile devices, Sect. 2.2 illus-

trates the general delivery chain of 3D graphics and the

categorization of the optimization techniques, and

Sect. 2.3 presents the optimization targets for 3D

graphics deployment on mobile devices. Based on

Sects. 2, 3 analyzes the advantages and disadvantages

of different optimization techniques developed for

data-driven 3D graphics deployment. Finally, Sect. 4

provides some guidelines for selecting suitable opti-

mization techniques and concludes the article.

2 Analysis Framework

2.1 Different Approaches for Deploying 3D

Graphics on Mobile Devices

In this section, five different technical approaches for

deploying 3D graphics on mobile devices are presented.

The technical approaches are called (1) pre-packaged,

(2) image-based, (3) streaming-based, (4) ontological,

and (5) data-driven. Before going into details, six

attributes are presented in Table 1 for comparing these

different technical approaches. The attributes were

selected in a way that they describe the general

characteristics of each technical approach for deploying

3D graphics on mobile devices and they are consistent

regardless of the chosen use case.

The first attribute in Table 1, 3D rendering author,

refers to the entity that produces the 3D graphics. It can

be either the server or the client. Second, offline 3D

rendering indicates whether after the first download of

data, the client is able to simulate and redraw the 3D

space even if there is no active network connection

available. Third, interaction with 3D objects in the 3D

space refers to (1) offline usage, i.e., is the client able to

interact with the 3D space once there is no network

connection available, and (2) multi-user usage, i.e., is

the client able to interact with other users in the same

3D space. Fourth, user-created 3D graphics indicates

whether the user is able to locally create and share new

3D graphics in the 3D space. Fifth, 3D graphics

complexity limitations refer to technology and how its

data types are able to handle any arbitrary piece of 3D

graphics. Finally, 3D graphics distribution indicates the

type of 3D graphics the server sends to its clients for 3D

graphics reproduction.

Next, the basic operational principle of each

technical approach is explained and their attributes

based on Table 1 are elaborated. Henceforth, the term

3D scene is used for referring to a data structure that

describes how the 3D graphics are arranged in a

particular 3D space. The purpose of the 3D scene is to

define the types of 3D objects and where those are

placed in a 3D space.

2.1.1 Pre-packaged 3D Graphics Deployment

Pre-packaged 3D graphics deployment means that all

3D graphics are packaged and delivered to the client

Table 1 Differentiating properties of the five approaches for deploying 3D graphics on mobile devices

3D rendering

author

Offline 3D

rendering

Interaction with 3D objects User-created

3D graphics

3D graphics

complexity

not limited

3D graphics

distribution
Offline Multi-user

Pre-packaged Client Yes Yes Yes No Yes None

Image-based Server Yes No No No Yes Texture data

Streaming-based Server No No Yes No Yes Video stream

Ontological Client Yes Yes Yes Yes No Ontological data

Data-driven Client Yes Yes Yes Yes Yes Mesh and texture data
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device prior to the use of the 3D Internet application in

question, and thus, all 3D rendering is executed by the

client. This approach supports both off-line and multi-

user usage. In case of multi-user usage, only the state

information of 3D objects involved in the 3D scene

needs to be continuously updated between the par-

ticipating clients [22, 23]. State information can be, for

instance, a position of a 3D object. MMOs are a good

example, where pre-packaged 3D graphics deploy-

ment is widely used. This approach allows full control

of the 3D graphics by the service provider, and also

makes it difficult or impossible for users to add their

own. Distribution of the 3D graphics before the use

also allows the network traffic to be optimized to state

changes only, since it is known that the client always

has all the 3D graphics in place prior using the 3D

Internet application.

2.1.2 Image-Based 3D Graphics Deployment

In image-based 3D graphics deployment, the actual 3D

rendering is executed by the server, whereas the client

merely reconstructs the 3D scene based on a set of

images transmitted by the server [15, 17, 24, 25]. For

instance, in [17], the server records six panorama

images in the client’s current position, generates a

G-buffer cube map and transmits the cube map as a

texture data to the client. Finally, the client reconstructs

the 3D scene based on the transmitted panorama

images using image-based rendering. The image-based

3D graphics deployment allows the client to present

very complex 3D scenes, as all the complexity of the

3D scene is handled by the server [17]. However, as the

G-buffer cube maps are pre-rendered from a single

camera position, the client can reproduce the view only

when its position remains unchanged. Whenever the

client changes its position, or interacts with the 3D

scene in a way that the 3D scene is changed, the view

must be re-rendered and re-transmitted by the server.

Thus, off-line usage with the image-based 3D graphics

deployment is not possible. Multi-user usage is very

challenging to implement, because the 3D scene is not

continuously updated.

2.1.3 Streaming-Based 3D Graphics Deployment

In streaming-based 3D graphics deployment, the

server does continuous rendering of the 3D scene for

the client, keeping the client camera position and

orientation updated [26–28]. The continuous render-

ing is encoded into a video stream and is then

distributed to the client. Off-line usage is not possible.

However, the server can control the video stream

resolution and bitrate in order to adapt to the available

bandwidth and the capabilities of the client [26, 28]. In

general, streaming-based 3D graphics deployment

requires a constant available bitrate from the network,

as well as relatively low latency. This is due to the

chain of continuously performed real-time activities,

which are (1) decoding of user input into camera

position/orientation changes by the client, (2) submit-

ting new camera orientation to the server, (3) applying

new camera orientation and re-rendering the 3D scene,

(4) performing the video encoding, (5) sending the

video stream to the client, and finally, (6) decoding the

video stream at the client. In case of multi-user usage,

interaction with 3D objects can be implemented by the

server based on users’ actions in a certain camera

position by recording pairs of X, Y-coordinates

pointed out by the user from the video presentation

of a 3D scene [26].

2.1.4 Ontological 3D Graphics Deployment

Ontological 3D graphics deployment means that the

structure of the 3D scene is described in an abstract

manner, and then it is left for the client to re-create the

3D scene. The server informs the client about the 3D

objects such as buildings, trees and terrain that exist in

a 3D scene [29, 30]. However, the actual 3D graphics

are not delivered. Based on the provided ontological

description of the 3D scene, the client creates the 3D

scene by implementing a set of algorithms required for

generating 3D objects and applies the parameters

given by the server. As the 3D scene is created locally

by the client, this approach supports off-line usage. In

multi-user interaction, the state information of 3D

objects involved in the same 3D scene needs to be

continuously updated between the participating cli-

ents. In addition, ontological descriptions of new 3D

objects need to be distributed in real-time between the

participating clients. However, it should be noted that

the visual appearance of a 3D scene depends on the

used set of algorithms, and thus, the same 3D scene

may have varying looks for different clients. Second

Life primitive system [31] is an example of how this

approach works. Their system is able to distribute

information about primitive shapes (boxes, spheres,
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etc.), which are used to build more complex 3D

objects. Ontological 3D graphics deployment does not

allow building of any arbitrary shapes, since it is

restricted to the ‘‘ontological toolbox’’ defined by the

server. Also, describing more complex shapes, like

buildings, may lead into overly complex algorithms

and description languages, which are not imple-

mentable, especially on mobile clients.

2.1.5 Data-Driven 3D Graphics Deployment

In data-driven 3D graphics deployment, the client

software is built to be as generic as possible in terms of

how to re-create a 3D scene. The data and the

implementation are separate from each other, meaning

that the implementation is generic and can be driven

with any dataset compatible with the given implemen-

tation. A PNG picture format and its codec present an

example. The PNG codec is able to accept all PNG

compatible datasets and decode this data into viewable

images. Hence, the PNG codec is said to be generic for

arbitrary PNG data and to be data-driven. As summa-

rized by Alatalo [32], the same analogy can also be

applied to 3D graphics. In data-driven 3D graphics

deployment, the pieces of 3D graphics received from

the server acts as ‘‘data’’, or ‘‘attributes’’, which drive

the client’s generic 3D engine to reproduce the intended

3D scene. As the 3D scene is created locally by the

client, this approach supports off-line usage. In multi-

user usage, the state information of 3D objects involved

in the same 3D scene needs to be continuously updated

between the participating clients. In addition, new

pieces of 3D graphics need to be distributed in real-time

between the participating clients. For describing the

surface geometry of 3D objects, a commonly used

method is a generic geometry mesh type [33]. Generic

mesh is defined by three dimensional points (vertices)

and by information which points are connected to each

other. Various connection types are possible, but

typically three individual vertices are connected to

form a triangle, and hence an array of triangles will

form a 3D mesh surface. Vertices can store other types

of information as well in addition to their position (X, Y

and Z coordinates). Such information can be, but is not

limited to, per-vertex normals, texture coordinates and

color information. This kind of approach gives

maximum freedom for defining the characteristics of

3D graphics, which is also important from the stand-

point of user-created content. However, this freedom

also brings forth the challenge to understand the

complexity of 3D graphics and its effect on various

types of devices. Mobile devices, for instance, may not

be able to handle the 3D graphics in a similar way to

powerful workstations [8].

The rest of this article concentrates especially on the

optimization techniques related to the data-driven

approach for deploying 3D graphics on mobile devices.

This focus was chosen based on the assumptions that (1)

in the future Internet, the creation of 3D graphics

becomes much easier and faster, for instance, through

the introduction of mobile devices embedded with depth

cameras, (2) most of the 3D graphics are created,

manipulated, re-used and distributed by end-users in a

dynamic manner, following the trend that we have

already witnessed with 2D content managed with Web

2.0 technologies [20], and (3) mobile devices are

starting to dominate the use of many highly popular

social networking applications (e.g., Facebook [11]). By

taking these assumptions into account, it is important

that the technical approach for deploying 3D graphics on

mobile devices enables (1) offline use because a stable

wireless network connection is not always available, (2)

multi-user interaction to support social networking

aspects, (3) easy creation and distribution of user-

created 3D graphics to speed up the 3D graphics life-

cycle, and (4) creation of arbitrary and artistic 3D

graphics of which complexity is not limited by any

technical means as in the ontological approach.

2.2 A General Delivery Chain of 3D Graphics

The delivery of 3D graphics from the source to the sink

contains up to five identifiable phases, which are 3D

graphics creation, remote 3D graphics simplification,

3D graphics delivery, on-device 3D graphics opti-

mization and 3D graphics rendering. In this article, we

will focus on the remote simplification, the delivery

and the on-device optimization as illustrated in Fig. 1.

2.2.1 Remote Simplification Phase

The remote simplification phase includes the use of

various methods for reducing the complexity and the

size of 3D graphics prior to their delivery to a mobile

device. The optimization techniques in the simplifi-

cation phase fall into the following categories: (1)

level-of-detail (LOD) techniques, where lower quality
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versions of the original 3D models are created using

various methods for geometry simplification [33],

texture simplification [34] and surface material sim-

plification [35], (2) data type transformations, because

some 3D graphics formats are more efficient to render

than others, especially if those formats are directly

supported by the hardware of the mobile device [36],

and (3) compression, because some types of 3D

graphics are very suitable for additional lossless

compression prior to the delivery [37].

2.2.2 Delivery Phase

The delivery phase covers various optimization

methods which aim at making the delivery of 3D

graphics as effective as possible without altering the

actual content of the 3D deliverable. The optimization

methods in this phase can be categorized into the

following approaches: (1) remote caching, where all

previously simplified 3D graphics are stored in a

remote cache and re-used if similar requests appear

[38], (2) traffic shaping, as combining multiple

downloadable items into a single bundle will enable

sending of larger data blocks instead of smaller ones

hence favoring the wireless transmission channel [39],

and (3) progressive downloading, in which a low

quality version of the 3D graphics are first sent

followed by incremental data that increases the visual

quality of the 3D graphics [40].

2.2.3 On-device Optimization Phase

The on-device optimization phase includes methods

that can be used to optimize the downloaded 3D

graphics further by taking advantage of the possibly

unique features of the mobile device in question. The

optimization methods can be divided into the follow-

ing categories: (1) GPU transcoding, in which the low

level data types (e.g., floating point numbers) are

transformed into a format which can be efficiently

handled by the mobile GPU [41], (2) surface material

simplification, in which surface materials are locally

simplified to achieve better rendering performance at

the expense of visual quality [42], (3) batch optimiza-

tion, where rendering performance is improved by

submitting properly organized batches, i.e., groups of

3D objects sharing the same properties, to the mobile

GPU instead of single 3D objects [43, 44], and (4)

local caching, in which the 3D graphics optimized for

mobile devices are cached to avoid new network

requests and re-translations of the previously down-

loaded 3D graphics [8].

The scientific publications presenting different

optimization techniques for the deployment of 3D

graphics on mobile devices are listed in Table 2.

2.3 Optimization Targets for 3D Graphics

Deployment on Mobile Devices

In this section, three different optimization targets for

3D graphics deployment on mobile devices are

described. In addition, the characteristics of mobile

hardware are presented in the context of 3D graphics

deployment and the optimization targets.

In the deployment of 3D graphics on mobile devices,

three different optimization targets can be taken. Based

on these targets, the optimization of 3D graphics

deployment can be conducted from the standpoint of (1)

visual quality, (2) performance, and (3) energy

Fig. 1 A general delivery chain of 3D graphics with the categorization of optimization techniques for deploying 3D graphics on mobile

devices
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consumption. Optimization from the standpoint of (1)

visual quality stands for providing a high number of

vertices, high resolution of textures and advanced

surface materials (e.g., dynamic lighting), (2) perfor-

mance stands for providing a high frame rate, a

responsive user interface, and when the 3D graphics

are transferred over a wireless transmission channel,

also the effectiveness of how the available wireless

bandwidth is used, and (3) energy consumption stands

for providing a long battery life of a mobile device.

Figure 2 presents the three optimization targets as a

triangle, inside of which each point illustrates the

chosen balance between the different optimization

targets. When each optimization target is equally

emphasized (i.e., there is no actual emphasis), the point

is in the center of the triangle as shown in Fig. 2. It

should be noted that one can only emphasize one or two

optimization targets at a time, while the rest are

unavoidably somewhat neglected.

As earlier mentioned, the capabilities of mobile

hardware for 3D graphics re-production grow

Table 2 Classification of optimization techniques for

deploying 3D graphics on mobile devices

Publication Remote

simplification

Delivery On-device

optimization

[8] x

[33] x x

[34] x

[35] x

[36] x

[37] x

[38] x x

[39] x

[40] x x

[41] x

[42] x

[43] x x

[44] x

[53] x

[54] x x

[55] x x

[56] x x

[57] x x

[58] x

[60] x

[61] x

[62] x x

[63] x x

[64] x x

[65] x

[66] x

[67] x

[68] x

[69] x

[70] x

[71] x

[72] x

[73] x

[74] x x

[76] x x

[77] x

[78] x

[79] x

[80] x

[81] x

[82] x

[83] x

[84] x

Table 2 continued

Publication Remote

simplification

Delivery On-device

optimization

[85] x

[86] x

[88] x

[89] x

[93] x

[94] x

[95] x

[96] x

[97] x

[99] x

[98] x

[100] x

[101] x

[102] x

[103] x

[104] x

[105] x

[106] x

[108] x

[109] x

[110] x x

[111] x
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extremely fast. For instance, 3D rendering perfor-

mance of Tegra4 is roughly three–four times higher

when compared to the previous generation [45]. From

the standpoint of mobile 3D Internet applications, this

results in increased performance and also in an

opportunity for improved visual quality. However, at

the same time, the battery capacity is growing very

slowly, at only 4 % annually [46]. This emphasizes the

importance of energy preservation when deploying 3D

graphics on mobile devices.

Xiao et al. [18] present a system level model for

estimating the total energy consumption of a mobile

device. They split the device hardware into three

major blocks, which are: (1) the chipset, (2) the

wireless radio interface, and (3) the display. Based on

the study conducted by Xiao et al. [18], it can be

stated that each of the three blocks accounts roughly

for one-third of the overall energy consumption. In

their model, Xiao et al. [18] used a backlit display

technology that is today being overcome by an OLED

display technology. From the energy consumption

standpoint, backlit displays contribute by their dis-

crete backlight levels, whereas in OLED displays,

each pixel contributes individually. Due to the

characteristics of OLED displays [47], their overall

energy consumption is greatly influenced by the

actual content shown [48, 49]. To reduce the energy

consumption of OLED displays [48, 49] propose

contrast and color manipulation methods for user

interface layouts. However, these methods are not

directly applicable to 3D graphics without changing

the intended characteristics of the 3D graphics in

question. Therefore, the methods for addressing the

energy consumption of the backlit and OLED

displays are left out from the scope of this article.

Next, the characteristics of the mobile chipset and the

wireless radio interfaces are presented in the context

of 3D graphics deployment and the optimization

targets.

2.3.1 The Chipset (CPU, GPU and Memory)

The energy consumption in the chipset is dominated

by the CPU and GPU duty cycles, as well as the

memory accesses [18]. From the perspective of the

CPU, 3D graphics deployment is a very special use

case. The CPU needs to (1) manage the downloading

of 3D graphics through a wireless radio interface, (2)

optimize the 3D graphics based on the capabilities of

the mobile device in question, (3) manage the whole

3D scene and its 3D objects, (4) determine the list of

visible 3D objects in the user’s current view, and (5)

issue draw calls to the GPU in each frame update

[50, 51]. In order to maintain a high frame rate and the

responsiveness of the user interface, attention should

be paid on the overall workload of the CPU and the

workload split between the CPU and the GPU.

The GPU manages all graphics re-production. For

each frame to be drawn, the CPU loads all attributes

(e.g., vertices) to the GPU memory and issues all draw

calls to the GPU’s command queue. The GPU will

draw every piece of 3D graphics that is issued in each

frame. Hence, it is easy for the developer to uninten-

tionally overload the GPU capacity. Therefore, the

best frame rate can be achieved by making sure that (1)

the 3D Internet application issues the smallest possible

number of individual draw calls to the GPU, (2) the

attributes, which are referenced by the draw calls are

stored in their simplest possible data type, (3) the draw

order of the calls is optimal for the GPU pipeline, and

(4) the attributes are cached in the GPU memory

whenever possible to minimize their access time [43].

The available memory storage of a mobile device

can be a constraint for a 3D Internet application. When

a 3D scene is downloaded, the CPU must make sure that

all 3D graphics can fit into the mobile device’s memory

space, this applies both to RAM (for runtime usage) and

to permanent memory (for offline usage and local

cache). The smaller the pieces of 3D graphics are, the

less they reserve memory space but more importantly,

the less they contribute to the overall energy consump-

tion when the 3D graphics are accessed [18, 52].

2.3.2 Wireless Radio Interfaces

Mobile devices are connected to the Internet via a

wireless radio interface that is usually a WCDMA, an

LTE, or a WiFi radio. In a wireless transmission

channel, the data transmission is the most efficient when

Visual quality

Performance Energy consumption

Fig. 2 Different optimization targets for 3D graphics deploy-

ment on mobile devices
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large data blocks are transmitted at a time [39, 53]. In

contrary, continuous transmission of small and frag-

mented data blocks has a negative impact on the

performance, as well as on the energy consumption of a

wireless radio interface. This is based on two facts: (1)

the performance of the wireless radio interface is at its

best when the available wireless bandwidth is maximal-

ly utilized, and (2) wireless radio interfaces have in-built

energy saving features that set the radio into a sleep state

after a certain period of time has passed after the

termination of the data transmission. If the time interval

between the transmissions of data blocks is very short,

the wireless radio cannot enter the sleep state at all, and

therefore, consumes significantly more energy.

3 Analysis of Optimization Techniques for Data-

Driven 3D Graphics Deployment on Mobile

Devices

In this section, we present and analyze an extensive

selection of optimization techniques for data-driven

3D graphics deployment on mobile devices. The

presentation order of the optimization techniques

follows the categorization given in Sect. 2.2. The

advantages and disadvantages of each optimization

technique are analyzed in the context of the defined

optimization targets and the characteristics of mobile

hardware described in Sect. 2.3.

3.1 Remote Simplification

In the remote simplification phase, the aim is to simplify

the original 3D graphics for a heterogeneous group of

mobile devices based on their known or estimated

capacities. The influence of the remote simplification

phase on the overall performance and energy consump-

tion of a mobile 3D Internet application is crucial. First,

the larger the pieces of 3D graphics are transmitted in the

delivery phase, the more energy is consumed. As the use

of wireless radio interfaces corresponds roughly to one-

third of the total energy consumption, it is important to

seek an appropriate balance between the level of visual

quality and the amount of bytes transmitted. After the

delivery phase, 3D graphics can still be simplified in the

on-device optimization phase, but at this point, the

processing power of the mobile CPU sets limitations to

the scale of the optimizations. Second, the simpler the

3D graphics, the less strain is inflicted on the mobile

chipset in the rendering phase. Also the mobile chipset

accounts roughly for one-third of the total energy

consumption, and therefore, conducting the majority of

the 3D graphics simplifications already in the remote

simplification phase can result in huge performance

improvements and energy savings in the rendering

phase. The component performing the 3D graphics

simplifications can be implemented, for instance, in a

network proxy [38]. The optimization techniques in the

remote simplification phase include creation of LODs,

data type transformations and compression.

3.1.1 Level-of-Detail

Creation of so-called LODs for 3D graphics means that

in addition to the original (high quality) version of 3D

graphics, there also exists a collection of lower quality

variants of the same content. The lower quality variants

are smaller in file size, which typically results in

decreased processing load on the mobile chipset and in

reduced use of the wireless radio interface. In the context

of the defined optimization targets, LODs can be used

for improving the performance and for lowering the

energy consumption at the expense of the visual quality.

In general, the LODs can be categorized into

discrete and progressive counterparts. Discrete LODs

have a known number of low quality variants (e.g., five

discrete levels) for each data type including geometry,

textures and surface materials. For geometry, this

stands for groups of geometry with less geometric

detail computed from the original 3D model [54]. For

textures, this stands for groups of images down scaled

from the original image [34]. For surface materials,

this stands for a reduced number of parameters which

force simplified calculations of the surface shading

effects [55]. Progressive LODs, in turn, provide

additional details as a continuous stream instead of

discrete levels [33]. Progressive LODs enable incre-

mental reconstruction of 3D graphics in a way that

each new increment enhances the quality of the 3D

graphics. However, methods for creating progressive

LODs can also be used for producing discrete LODs.

In this case, certain fixed levels are chosen; say 25, 50

and 75 % of the detail in the original piece of 3D

graphics and the simplification results are stored as

such instead of the information used for reconstructing

the 3D graphics progressively.

When comparing the advantages and disadvantages

of discrete and progressive LODs from the standpoint
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of mobile devices, the following four aspects need to be

emphasized: (1) discrete LODs do not require any

decoding time on the CPU, however, they may require

some processing on the GPU [56]. Progressive LODs,

in turn, typically require substantial amount of time for

decoding which burdens the mobile CPU, (2) as each

discrete LOD is an independent piece of 3D graphics,

their use increases the amount of redundant information

transmitted. With progressive LODs, the amount of

redundant information transmitted is negligible typical-

ly resulting in lower use of wireless bandwidth and

local storage on the mobile device, (3) with discrete

LODs, the overall processing burden on the mobile can

be more easily estimated than with progressive LODs.

This enables tailoring the discrete LODs based on the

capabilities of the target mobile device if its capabilities

are known, and (4) multiple discrete LODs can be used

in parallel, for instance, to enable distance-based

adjustment of the rendering detail, but a progressive

LOD is a single entity containing 1–100 % of the detail

in the original piece of 3D graphics. It is possible to

continuously decode and encode the progressive 3D

graphics in real-time to achieve different LODs on the

need basis, however, this may excessively burden the

mobile chipset [57]. Alternatively, a mobile device can

derive multiple LODs from the progressive 3D graphics

and cache them in the memory.

When evaluating the suitability of various simplifi-

cation methods for creating LODs, firstly, it is the most

important that the methods do not require significant

amounts of processing on the mobile device itself.

Instead, the majority of the processing should already be

conducted remotely on the network, where also more

complex simplification methods can be used. Secondly,

the simplification methods should provide a compact

presentation of 3D graphics to lower the requirements

for the wireless bandwidth and the local storage on the

mobile device [56]. Thirdly, the simplification methods

should preserve the vertex attributes such as per-vertex

normals, texture coordinates and color information to

retain adequate visual quality of the 3D graphics [58].

Finally, it is important to emphasize that this article

focuses only on the simplification methods that are

potentially suitable for deploying 3D graphics on mobile

devices.

3.1.1.1 Geometry Simplification When the original

geometry is computationally reduced, there is always

damage done to the original 3D model as illustrated in

Fig. 3. Geometry simplification can focus on (1)

reduction of geometry data (i.e., vertices) or

connectivity data (i.e., triangles), or (2) compression

of geometry data (i.e., vertices) without altering the

connectivity data [60]. Hence, the geometry

simplification methods strive to fulfil the following

three goals: (1) to minimize the local error, which is

caused by individual vertex/edge/triangle removals or

compression, (2) to preserve the global characteristics

of the simplified 3D model to maintain its shape, and

(3) to avoid causing discontinuities (e.g., holes or

orphan edges) to the simplified 3D model. For

simplifying geometry, the literature introduces

various methods that focus on simplifying different

features of geometry. These methods include, but are

not limited to, edge collapse [33, 61], geometry

quantization [40, 62, 63], geometry decimation [64],

triangle decimation and cleansing conquest [40, 62,

65, 66], mesh partitioning [56] and vertex clustering

[54]. It should be noted that this article does not focus

on the algorithmic details of each individual method,

since this information is already comprehensively

summarized, for instance, in recent surveys [60, 67].

From standpoint of LODs, the methods presented in

the following paragraphs can be split into three

groups: (1) the methods which produce progressive

LODs by storing the reconstruction information to

enable progressive decoding of the geometry, (2) the

methods which produce discrete LODs without storing

any reconstruction information, and (3) the methods,

which are not fully neither of the two above, but

instead are implementations of special geometric

cases.

Fig. 3 An image presenting three LODs of geometry simpli-

fication [59] (reprinted with permission)
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Table 3 summarizes the benchmark results from

the literature related to the geometry simplification.

The results related to encoding and decoding are

normalized to triangles/s to allow easier comparison. It

is important to note that the performance of the same

method [e.g., quadric error metric (QEM)-original]

can vary significantly when benchmarked at a differ-

ent year and with a different computer. In the

following paragraphs, different methods for geometry

simplification are presented in more detail.

Hoppe [33, 57] introduced a well-known progres-

sive method called edge collapse, where edges can be

individually removed from the geometry until there is

nothing to remove. The original method is rather fast,

being able to collapse and re-construct approximately

100k vertices/s (Pentium Pro 200 MHz CPU) which

equals to triangles/s since a single collapse operation

removes one triangle. However, the compression ratio

of 487 bits/vertex (bpv) on average is poor compared

to the more recent methods, and hence, use of edge

collapse may become overwhelming for larger pieces

of geometry both in terms of the required wireless

bandwidth and the memory. However, based on the

pioneering work by Hoppe [33], many more mobile-

friendly methods have been later introduced.

Lee et al. [62] introduced a progressive method

based on geometry quantization. Their method is

lossless, which means that the original geometry can

be progressively decoded with 100 % accuracy. Their

semi-accurate version of the method, which uses

quantization bit width estimation to potentially skip

the burdensome triangle decimation conquest step, is

relatively fast, being able to encode 32k triangles/s and

decode 23k triangles/s with 2.8 GHz dual-core CPU

and 4 GB of RAM. When the geometry distortion is

kept low, their charts indicate compression rates of

15–20 bpv. However, only color information is

preserved for the vertices. Maglo et al. [64] present a

progressive method based on geometry decimation

and re-encoding of the decimated surfaces based on

the new edge information. The method is able to

perform encoding at a rate of 93k triangles/s and

decoding 122k triangles/s when using Intel Core i7

CPU. The average compression rate achieved with

their test triangle meshes is around 16 bpv. The

method is very fast, but does not retain any vertex

attributes. The progressive method presented by

Lavoué et al. [63] is based on hierarchically applied

geometry quantization. Lavoué et al. [63] do not

present any estimates for the encoding time, but

emphasize that their method is able decode data

(tested with a 2 GHz laptop) at an average speed of

27k triangles/s. Their method achieves compression

rate of 56 bpv, but as Lavoué et al. [63] state, they have

given up some compression performance to enable

faster decoding time. The method, however, preserves

only color information for the vertices. Progressively

ordered primitive (POP) buffers [40] represents a

state-of-the-art method for creating progressive

LODs. The method is based on geometry decimation

and triangle conquest. From the standpoint of mobile

devices, it should be emphasized that the method does

not require any decoding on the mobile device, since

the 3D graphics provided are suitable for the mobile

Table 3 The comparison of different geometry simplification methods

Sources D/P

LOD

Encoding:

triangles/s

Decoding:

triangles/s

Compression:

bits/vertex

Testing hardware

Method by Willmott [54] D 160k None N/A Intel Core i7 CPU

Method by Lee et al. [56] D N/A None [24 N/A

QEM-original [61] D 49.4k None N/A 2.5 GHz Intel Duo, 2 GB RAM

QEM-improved [61] D 25.8k None N/A 2.5 GHz Intel Duo, 2 GB RAM

QEM-original [65] D 4.8k None N/A 195 MHz, SGI Indigo2, 128 MB RAM

Edge collapse [57] P *86k 100k *487 200 MHz Pentium Pro CPU

Method by Lee et al. [62] P 32k 23k 15–20 2.8 GHz dual-core CPU, 4 GB RAM

Method by Lavoué et al. [63] P N/A 27k 56 2.0 GHz laptop

Method by Maglo et al. [64] P 93k 122k *16 2.8 GHz Intel Core i7 CPU

POP buffers [40] D/P 5.889k None N/A 2.4 GHz Intel Core i7, 4 GB RAM

Batched dynamic adaptive meshes [68] D 5.2k N/A N/A 1.6 GHz AMD Athlon MP, 2 GB RAM
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GPU rendering without any modifications. Limper

et al. [40] do not provide any comparable compression

rates, but they do state that 5 bits for the quantization

resolution of a single vertex is enough to bring

Hausdorff error (RMS) below 1 % using the Stanford

bunny test mesh as input. Furthermore, the method

preserves all vertex attributes. The method may or

may not be treated as a pure progressive method, since

the data is not decoded one vertex/edge/triangle at a

time, but instead as groups of additional geometry

which continuously refines the downloaded geometry.

Therefore, each new increment of geometry acts also

as a new discrete LOD. However, since every new

group of data is concatenated to the previous data, we

classify the POP buffers method as a progressive

method.

The methods for creating discrete LODs are many,

and thus, only a small number can be presented in this

article. In QEM-based methods, the error caused by

the edge removal is minimized. The original QEM-

based method was introduced by Garland and Heck-

bert [65]. Garland and Heckbert [66] have also

presented an improved version of the original method

that preserves all vertex attributes, and since then,

several further improved versions have been proposed.

For example, Wei and Lou [61] added a feature

sensitive metric to the original method, which utilizes

surface normal deviation in addition to geometric

distance of the removed vertices for error minimiza-

tion. Their version of the method produces simplified

3D models with a lower error, but at the expense of

additional computational complexity approximately

doubling the required encoding time when compared

to ‘‘Qslim’’ tool which is commonly used for creating

QEM-based geometry simplification. With 2.5 GHz

Intel CPU, the method is able to encode approximately

50k triangles/s. The method presented by Wei and Lou

[61] does not preserve vertex attributes but they

introduce several ways how this could be achieved as

well. Lee et al. [56] present a method based on

geometry quantization and mesh partitioning. They do

not report any required encoding time, but instead,

they emphasize that their method is suitable for mobile

devices due to its simple de-quantization requirement.

The de-quantization operation is managed via a single

matrix multiplication, which can be effortlessly

implemented by a mobile GPU. The compression rate

provided by the method is at its best 24 bpv. The

method does not preserve any additional vertex

attributes. Willmott [54] presents a method based on

vertex clustering. The method is very fast and is also

able to preserve texture coordinates and per-vertex

normals. The method is able to simplify geometry at a

rate of 160k triangles in 40 ms on average when using

Intel Core i7 CPU. Although Willmott [54] has not run

the method directly on any mobile device, the

execution speed gives a hint that the method could

be runnable directly even on a mobile device when

simplifying smaller pieces of geometry.

Batched dynamic adaptive meshes [68] presents a

specialized geometry simplification method based on

modified edge collapse to favor the characteristics of

terrain geometry. The method is able to adaptively

reduce the geometric complexity of varying planar

surfaces, like terrain, which have less variation in their

content. The method may also be suitable for mobile

devices when creating discrete LODs for planar surfaces,

but it is not generic enough to be used universally for any

arbitrary geometry. Cignoni et al. [68] do not present any

exact times for the geometry encoding and decoding, but

instead, for the complete execution time which also

includes the creation of the terrain texture. This total

processing time yields a figure of 5,200 triangles/s, but

Cignoni et al. [68] state that in the total processing time

the texture generation is actually dominating.

3.1.1.2 Texture Simplification For textures used in

the surface modelling, the LOD creation is done by

creating a series of scaled down variants of the original

image (i.e., MipMaps [34]). In addition, there are

intermediate methods for enhancing the LOD creation

process. These methods can be used to enhance the

image in a way that the image degradation during the

LOD creation is minimized.

Sloan et al. [69] present a texture coordinate

optimization method for enhancing specific areas of

the image data based on their importance. The method

warps the texture to allocate more spatial space to the

regions of the image containing more detail. Warping

the image also causes that the original texture

coordinates of the geometry need to be recalculated.

Sloan et al. [69] use image decomposition methods to

conduct the recalculation of the texture coordinates

and show examples of the warped textures. Pre-

processing the image with this kind of method

produces textures with better visual quality, however,

with the same resolution (i.e., the same texture size) as

the original texture. There are also other methods
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which are similar in principle, but use different

algorithms to perform the texture coordinate opti-

mization. The method introduced by Hunter and

Cohen [70] is based on the modification of the image

frequency space. Their approach removes high and

low frequency detail to harmonize the overall image

frequency range and hence allow compression (scaling

down) of the original image data. Balmelli et al. [71]

also use frequency space analysis to determine the

regions with high frequency content. In their work, the

texture is warped to allocate more space for the

identified regions of high frequency content. Balmelli

et al. [71] show examples in which the original image

is optimized and then scaled down to 80 % of the

original size. The examples illustrate that the down

scaled optimized image provides better visual quality

than the down scaled original image. Likewise, Sander

et al. [72] allocate more texture space for those regions

of the image requiring more detail perseverance. Their

method is based on analyzing the geometric surface

details of the original 3D graphics, where the texture

will be used using the derived signal-stretch metric

computed by the Taylor expansion.

For creating MipMaps [34], a series of down scaled

variants of the original texture, a single mobile GPU

API call can be used if the mobile device is compatible

with the OpenGL ES specification. This makes use of

MipMaps very convenient for the developer. Texture

coordinate optimization methods can also be used

before conducting MipMapping, however, this re-

quires additional effort from the developer. As the

screen size of a typical mobile device is rather small, it

should be first determined whether the better visual

quality is actually recognizable [73]. Figure 4 illus-

trates four LODs from the same 3D scene, where the

texture files have been reduced to 25, 13 and 6 % in

size. The boat starts to show artifacts especially in its

surface when using the 6 % LOD size (lower right

corner).

When creating LODs for textures, some mobile

GPU limitations should to be kept in mind. First,

textures which are not power of two in terms of size in

pixels are inefficiently rendered or are not rendered at

all with a mobile GPU. This is as specified by Khronos

in their OpenGL ES 2.0 specification [74]. Second, the

use of an unnecessary large texture file together with

its corresponding MipMap levels may lead in some

cases to a situation that the original texture is not used

at all [34]. As a consequence, a large texture file may

remain allocated in the memory of the mobile GPU

Fig. 4 Top left image presents the original version of the 3D graphics: the top right, the bottom left and the bottom right images present

LOD levels, where all texture files have been reduced to 25, 13 and 6 % in size, respectively
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needlessly, yet consuming the limited memory ca-

pacity. The principle of progressiveness applies also to

textures. For example, JPEG compression format

contains information indicating whether an image is

encoded in layers, which can be downloaded and

decoded progressively on-the-need basis [75, 76].

3.1.1.3 Surface Material Simplification In a typical

case, there are a large number of surface materials that

describe all the surface characteristics of a 3D scene.

They describe, for instance, how the lighting works

[77], how the reflectance works for each 3D model

[78, 79], how the shadows should be calculated

[42, 80] or whether the surfaces have details such as

bumps in them or not [81].

Lighting and reflectance are computationally com-

plex due to the mathematics involved in solving the

lighting equation for each pixel drawn on the display.

Since the lighting equation is solved by a GPU

fragment processor, the bottleneck comes from the

speed of a single fragment unit, and from how many

parallel units are available for the computations. The

complexity accumulates with the number of light

sources and becomes easily intolerable for a mobile

GPU which does not possess the same level of

parallelism compared to a desktop GPU. The com-

plexity of real-time shadow computation varies with

the number of light sources, but also according to the

type of light sources of which the point lights are

particularly difficult to handle in a robust way.

Shadows caused by directional light sources can be

estimated with orthographic projections of the shadow

volumes, since the light is assumed to traverse to a

single direction only. For the point lights, this is not the

case, and more complex methods have to be used.

Without modifying the underlying geometry, the

details of the surface can also be artificially enhanced

using various methods including (1) normal mapping

[82], (2) parallax mapping [83], (3) relief mapping

[81], and (4) displacement mapping [82]. The addi-

tional surface details include, but are not limit to,

surface bumps, cracks, light refraction, scattering

effects and shadows. For instance, Policarpo and

Oliveira [81] create artificial bumps by using a relief

map algorithm that relies on intensive sampling of

bump texture in the fragment shader. Dmitriev and

Makarov [82] show how vertex displacement maps

can be computed directly from normal maps to

improve the geometric details of the surfaces. Kaneko

et al. [83], in turn, illustrate how parallax mapping can

enhance the impression of depth on the surface of a 3D

object.

All these enhancements to surface details could be

computed in the rendering phase, however, as the

methods are mathematically very complex, the mobile

GPU could be potentially overwhelmed. This issue

can be overcome by pre-computing the surface detail

effects already in the remote simplification phase and

by storing the effect-specific values in a texture map.

As a result, the computational complexity is reduced

down to a single value fetch from the given texture

map. This process in general is called mapping.

However, it should be noted that the use of each these

methods generates an additional texture map file,

which needs to be transmitted to the mobile device

prior rendering. In this case, the enhanced visual

quality comes with the cost of increased amount of

data transmitted. A mobile GPU being often limited by

the number of hardware texture samplers finds these

methods challenging due to lack of available paral-

lelism. All surface definitions are eventually derived

into shader programs, which are executed by the

mobile GPU. As a rule of thumb, the more complex the

surface definitions, the more complex will the shader

programs be. Consequently, this inflicts higher burden

on the mobile GPU, and thus, increases the energy

consumption during the rendering process.

The surface descriptions can be redefined in the

remote simplification phase to reduce computational

complexity of the given surfaces. Hosseini et al. [55]

have presented how some of the surface material

simplification methods (forcefully simplified lighting

calculations and reduced texture brightness) can lower

smartphone energy consumption by 20–33 %. In

example images, presented by Hosseini et al. [55],

there are noticeable degradations in the visual quality,

but if used in conjunction with LODs, it can be argued

whether those degradations are noticeable from a

distance. Likewise Mochocki et al. [35] show that by

manipulating the low level GPU parameters (such as

the GPU texture addressing modes and the lighting

types) up to 50 % of energy savings can be achieved.

This kind of forceful surface material simplification

can be considered as creation of LODs, since the

process results in a varying set of surface materials

with different levels of complexity. It should be noted

that 3D objects further away can be easily rendered

without complex surface materials without the user
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actually noticing the change [55]. Alternatively,

Koulieris et al. [84] propose that LODs for surface

materials can also be created based on context in

which the 3D objects appear. This approach is based

on the assumption that users have higher tendency to

recognize the lack of detail in individual and isolated

3D objects than in compact groups of 3D objects. In

Fig. 5, an example 3D object is rendered three times

with different distances and surface material LODs.

The simplification of surface materials always has

more global effect on the visual quality of the 3D

scene compared to the texture and especially ge-

ometry simplification. The reason is that usually

surface materials (i.e., shadows and lighting) have

influence on more than one 3D model at a time, and

hence the simplification effects may be cumulative

[38, 85]. In overall, the simplification methods used in

the creation of LODs are very efficient, but not

perfect. It should be noted that sometimes the methods

can fail especially if there are discontinuities in the

geometry of the original 3D model (e.g., holes or

orphan edges). These failures can appear as mis-

aligned texture coordinates causing incorrect results

in the surface shading, or they can result in incorrect

mesh topologies. Vatjus-Anttila et al. [38] and Pool

et al. [85] show visual examples of when the

simplification process causes loss of the 3D model

integrity. They also emphasize that the creation of

LODs for textures may result in the disappearance of

important details in the 3D models.

3.1.2 Data Type Transformation

For 3D graphics, the data type transformation enables

use of data types which are the most appropriate

according to the available wireless bandwidth and the

processing capacity of the mobile chipset. In the

context of the defined optimization targets, data type

transformation can be used for adjusting the balance

between the performance and the energy consumption.

When conducting data type transformations, the

following two aspects need to be examined [37]: (1)

the load caused on the mobile chipset, and (2) the

required wireless bandwidth. As the data type trans-

formation is conducted remotely on the network, it is

not typically crucial (except in collaborative 3D

Internet applications [40]) even if the data type

transformation is computationally a demanding task.

Instead, the more important is the amount of process-

ing that is required to be done by the mobile chipset.

In case of textures, transforming hundreds of JPEG

images into compressed texture formats such DXT or

ETC may take some time on the network, but if the

mobile GPU supports these compressed textures, zero

processing time is required from the mobile CPU. In

case of JPEGs, the mobile CPU always needs to

decompress the JPEG images into RGB data before the

mobile GPU is capable of rendering the textures [37]. In

addition, compressed textures also require less RAM

memory, and consequently, require a smaller number of

memory accesses in the mobile chipset. According to

Fig. 5 (Left) a 3D object with only surface color texture and

basic illumination, (middle) the same 3D object with surface

color texture and per-fragment specular highlight computed

based on the illumination parameters and (right) the same 3D

object with surface color texture, detailed per-fragment normal

and parallax bump maps, as well as Cook–Torrance illumination

model
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Vatjus-Anttila et al. [86], use of compressed textures

typically results in four–six times lesser use of RAM

memory. They concluded that from the standpoint of

the mobile chipset, the use of JPEGs (i.e., RGB data)

resulted approximately in 5–15 % higher energy con-

sumption than the use of compressed textures.

The OpenGL ES 2 specification [36, 74] defines that a

compatible mobile device may optionally support one or

multiple compressed texture formats. Although the ma-

jority of today’s mobile devices are OpenGL ES 2

compatible (e.g., 100 % of Android devices [87]), support

for compressed textured is very limited, and primarily only

the mobile devices equipped with NVIDIA graphics

hardware support DXT. Due to this trend, the OpenGL ES

3 specification defines ETC2 [88] as the sole compressed

texture format that must be supported by all compatible

mobile devices. Currently, 22.5 % of Android devices, for

example, are OpenGL ES 3 compatible [87], but in the

future, the number will evidently rise.

From the standpoint of wireless transmission chan-

nel, compressed texture files require more bandwidth

than, for example, JPEG files. Ström and Wennersten

[37] estimate that the size of a JPEG file is typically

60 % smaller than the size of a compressed texture file

with the same visual quality. Therefore, the delivery of

compressed texture files introduces a negative effect

both on the performance and the energy consumption.

However, by further using domain-specific lossless data

compression for the compressed texture files, the

difference in file size can be eliminated [37].

It should be noted that textures are not the only types

of 3D graphics that may benefit from the data type

transformations. Other practical examples include

hierarchical structures of geometry and animation data.

Gil and Trezentos [89] evaluated the impact of XML,

JSON and a binary format (protocol buffers) on the

energy consumption and performance of smart phones.

They concluded that the most efficient format is JSON

in terms of file size, parsing time and energy

consumption if it is used with additional lossless

compression (e.g., gzip). When transmitting large

amounts of data and additional lossless compression

is too heavy or even impossible to implement, the

binary format proved to be the most suitable option.

3.1.3 Compression

In case of 3D graphics, the need for the wireless

bandwidth can be further lowered using lossless

compression algorithms. These algorithms are general

purpose and can be applied on any kind of 3D graphics

prior transmission. In the context of the defined

optimization targets, compression can be used for

improving the performance and the energy consumption.

In lossless compression, the original data can be

retrieved from the compressed data exactly, i.e., none of

the original bits are lost in the process [90]. Use of

compression, however, increases the complexity of the

data, since the receiving mobile device needs to

decompress the data before using it. This can result in

increased load on the mobile CPU, and as a conse-

quence, in higher energy consumption. However, Gil

and Trezentos [89] show that even with the additional

CPU load, the overall energy consumption of the data

processing can be decreased up to 30 % when lossless

compression is used. This emphasizes the importance

of the selection for the lossless compression algorithm.

In case of mobile devices, the algorithms should (1)

provide good compression ratio to minimize the use of

wireless bandwidth, and (2) be computationally simple

not to exhaust the mobile CPU by the decompression

effort. From the standpoint of energy consumption, the

setup is optimal when the energy savings achieved

through the decreased use of wireless bandwidth are

higher than the energy spent in the decompression

process. From the standpoint of performance, lossless

compression decreases the time needed for wireless

data transmission, but increases the number of the CPU

duty cycles, which may have impact on the frame rate

and on the responsiveness of the user interface.

gzip [90] is a widely used lossless compression

algorithm due to the availability of a stable implemen-

tation on multiple platforms. It is based on DEFLATE

algorithm, which is eventually based on LZ77 [91] and

Huffman coding. gzip is among one of the original

accepted HTTP content encoding schemes in RFC2616

[92]. Inclusion in RFC2616 has significantly increased

the adoption of gzip, and today, majority of modern

mobile devices implement the gzip algorithm. There

are also several other lossless compression algorithms

available as de facto standards, but either their

complexity [93] or incompatibility with gzip has

limited their adoption. Other lossless compression

algorithms include, for instance, LZ78 [94] and Lem-

pel–Ziv–Welch (LZW) [95] that are also successors of

the original LZ77 algorithm, Burrows–Wheeler-Trans-

form (BWT) [96], LZMA, prediction by partial

matching (PPM) [97, 98] and Google’s Zopfli [93].
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Barr and Asanović [99] have compared LZ77, LZW,

BWT, and PPM in terms of compression, transmission

and decompression performance. They also examined

how the algorithms cumulatively affect the total energy

consumption of a mobile device. When comparing gzip

with the other algorithms (see Table 4), its (1)

compression ratio is average, (2) compression time is

one of the longest and (3) decompression time is the

shortest. Finally, from the energy consumption per-

spective, gzip provides (4) average energy efficiency

for data compression and transmission, but more

importantly, (5) the best energy efficiency for data

reception and decompression.

Especially from the energy consumption stand-

point, these results make gzip a very suitable lossless

compression algorithm for mobile devices. However,

if the wireless bandwidth is very scarce, use of BWT

or PPM should also be considered, since they provide

better compression ratio.

When compared to gzip, Google’s Zopfli [93]

algorithm provides an equivalent decompression per-

formance and 6 % better compression ratio on aver-

age, but at the same time, requires roughly 80 times

longer compression time (see Table 4). For the

advantage of Zopfli, the algorithm is compatible with

gzip. Very good compression ratio makes Zopfli

suitable for 3D Internet applications, where the 3D

graphics are static, i.e., mobile clients do not create

and modify the 3D graphics on-the-fly [40]. This is due

to the fact that the CPU load caused by the compres-

sion process is too high for a mobile device. However,

a 3D Internet application could be built in a way that

the mobile device uses, for example, gzip for the

compression prior to sending the 3D graphics. In this

case, the decompression using gzip and the re-

compression with Zopfli would be handled by the

server afterwards.

3.2 Delivery

In the delivery phase, the aim is to save energy and

minimize download latencies by enabling efficient

transmission of 3D graphics and optimal use of the

wireless transmission channel based on its character-

istics. 3D Internet applications introduce quite differ-

ent requirements for the wireless network when

compared to traditional multimedia applications

(e.g., video streaming). In many cases, a relatively

large amount of 3D graphics needs to be first

transmitted before the user can see a meaningful

portion of the 3D scene. Therefore, high bandwidth

connection is typically required. In multi-user appli-

cations, also low latencies are required to enable fast

propagation of users’ activities [38]. Furthermore,

delivery of 3D graphics is also vulnerable to packet

loss, because all the lost packets need to be retrans-

mitted or a 3D object cannot be correctly reconstruct-

ed. As a comparison with a video stream, a packet loss

may merely result in a few lost frames, which does not

severely affect the decoding of other incoming pack-

ets. To enable reliable and ordered delivery, TCP

should be primarily used as a transport protocol for 3D

graphics. For propagating short-lived status updates in

multi-user applications, also UDP can be used. The

optimization techniques in the delivery phase include

remote caching, traffic shaping and progressive

transmission.

3.2.1 Remote Caching

In general, the objective of caching is to store data that

the incoming requests can be served faster in the

future. This results from the fact that a cache fetch

typically occurs in a fraction of a second, whereas

processing large datasets can take several seconds or

Table 4 The comparison of different lossless compression methods in terms of performance and energy consumption

LZ77 LZW BWT PPM gzip Zopfli Median

(1) Compression ratio 0.46 0.39 0.24 0.23 0.29 0.27a 0.28

(2) Compression time (s) 0.45 2.0 11.75 4.75 6.3 504a 5.53

(3) Decompression time (s) 0.25 0.7 2.8 5.35 0.2 0.2a 0.48

(4) Energy consumption for data compression and transmission (J) 4.2 3.8 7.9 7.3 7.2 N/A 7.2

(5) Energy consumption for data reception and decompression (J) 3.3 2.9 3.5 7.7 2.2 N/A 3.3

a The estimates were calculated based on the reported performance difference between gzip and Zopfli [93]
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tens of seconds of time. In the context of the defined

optimization targets, remote caching can be used for

improving the performance.

The simplification of the original 3D graphics may

take time and it may not always be possible to store all

the simplified versions of 3D graphics on the servers. In

these cases, use of remote caching may significantly

decrease the processing delays. Furthermore, the con-

nection between the servers providing the 3D graphics

and the mobile devices may suffer from high latencies

and/or low available bandwidth. If the remote cache is

implemented in the mobile operator networks, sig-

nificantly lower latencies and higher available band-

width can be achieved between the remote cache and

the mobile devices. As a consequence, remote caching

may also significantly decrease the time needed for

acquiring the first meaningful portion of the 3D scene

when starting a 3D Internet application. In overall, the

benefits of remote caching are especially notable when

dealing with slow wireless network connections

[38, 100, 101].

A widely used method for building the remote

cache is to use a proxy server [101] which has a cache

memory associated with it to store all the passing data.

Caching of 3D graphics is a special case for a proxy

server, since there are multiple instances of the same

3D graphics separated only by their LODs. The

challenge is how to efficiently index this information

and how to reliably provide the most appropriate piece

of 3D graphics to a requesting mobile device based on

its capabilities. An extensive survey of different types

of caching strategies has been presented, for instance,

by Podlipnig and Böszörmenyi [102].

3.2.2 Traffic Shaping

As explained in Sect. 2.3, the data transmission in a

wireless medium is the most efficient when large data

blocks are transmitted at a time [53]. Instead,

frequently sent small data blocks do not allow the

wireless radio to enter the sleep state at all, which has a

significant negative effect on the battery life. Although

the characteristics of wireless radio interfaces such as

WCDMA, LTE and WLAN are rather similar from the

application viewpoint, there exist some differences

that should be taken into account when optimizing the

use of the wireless transmission channel [103, 104]. In

the context of the defined optimization targets, traffic

shaping can be used for lowering the energy con-

sumption at the expense of some performance.

WCDMA has four different operational states that

are DCH, FACH, PCH and IDLE sorted from the

highest to the lowest power drain [105]. In DCH,

FACH and PCH states, the energy consumption stays

relatively constant. WCDMA also possess specific

inactivity timers controlling the transitions between

the operational states. The values of inactivity timers

are set by the operators, and are typically less than 10 s

[104]. With WCDMA, the inactivity timers are rather

long, which results in unnecessary lingering in high-

power states after a completed data transfer. As a

consequence, additional energy (typically called tail

energy) is consumed which may comprise nearly 60 %

of the total energy consumed [106]. In order to

decrease the amount of tail energy, an additional

mechanism has also been implemented to allow

moving from the DCH state to the FACH state, when

there is only low level of traffic [105]. According to

measurements conducted in real-life WCDMA net-

works, the latency was 180 ms and the downlink

throughput 0.763 Mbps on average [107] representing

a minimum requirement for 3D Internet applications.

The LTE also has four different operational states

that are ACTIVE, Short DRX, Long DRX and IDLE

sorted from the highest to the lowest power drain

[108]. In ACTIVE state, the energy consumption stays

relatively constant, but in both DRX states, the

wireless radio is periodically turned on and off to

save energy and to check for new incoming traffic.

Although LTE has rather similar kind of timers as

WCDMA, the DRX power saving mechanism is more

sophisticated due to the intelligence added to the base

stations [103]. For instance, the operation of DRX

(i.e., timer values) can be adjusted according to the

pattern of the incoming traffic. Typically, the transi-

tion from the ACTIVE state to the first power saving

state (i.e., Short DRX) occurs in less than a second

[104]. This significantly improves the energy con-

sumption of LTE especially with bursty traffic.

However, it should also be noted that the use of the

LTE radio interface consumes more energy than the

WCDMA radio interface [108]. According to mea-

surements conducted in real-life LTE networks, the

latency was 70 ms and the downlink throughput

9.185 Mbps on average [107] making LTE well suited

for 3D Internet applications.
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WLAN has two different operational states that are

awake mode (CAM) and power save mode (PSM).

WLAN does not have any inactivity timers, and hence,

it switches to PSM right after the completion of the

data transfer. With two modern mobile devices,

Vergara and Nadjm-Tehrani [105] measured that

switching to PSM took only 70 and 220 ms. This

makes WLAN very efficient for data transfer in terms

of energy consumption. However, the overhead

caused by the association with a WLAN access point

may be comparable to the tail energy consumption of

WCDMA. In terms of performance, WLAN is some-

what comparable with LTE. However, the coverage of

LTE is much wider and will continue to grow in the

upcoming years.

For shaping the traffic, both the client and the server

should implement send buffers. At the client side, the

requests, and at the server side, the responses are

bundled together to form larger packets that occupy

the wireless transmission channel more efficiently. For

their 3D Internet application, Nurminen [8] organized

the send buffers as tail queues that allow re-organi-

zation of the buffers before the transmission via TCP.

Vatjus-Anttila et al. [38] presented an implementation

for a virtual world client, where all sent and received

TCP/UDP packets were bundled and compressed

aiming for maximum MTU transmission. The ex-

periment lowered both packet rate (*88 % uplink,

*61 % downlink) and wireless bandwidth require-

ments (*76 % uplink, *70 % downlink). The sav-

ings are clear, but as Vatjus-Anttila et al. [38] indicate,

forceful manipulation of the packet flow may cause

other problems, for instance, in the prediction algo-

rithms which estimate movements of 3D objects in a

3D scene (dead reckoning [109]). By bundling (and

hence delaying) the sent packets broke the dead

reckoning logic, which assumed an update interval of

50 ms in this particular example. However, for the less

important status updates in a 3D scene the effect was

not so obvious, hence, indicating that for some types of

traffic bundling and compression can be feasible.

3.2.3 Progressive Downloading

When the 3D graphics are simplified using progressive

methods (no discrete LODs are created), the 3D

graphics also need to be delivered in a progressive

manner. In the context of the defined optimization

targets, progressive downloading can be used for

adjusting the balance between the performance and the

energy consumption.

Use of progressive downloading enables a mobile

device to quickly display a meaningful proportion of a

3D scene, however, typically with a low visual quality

[110]. Therefore, progressive LODs are generally

more suitable than discrete LODs for the delivery of

3D graphics when available wireless bandwidth is

very scarce. As the 3D graphics are transmitted as a

stream of detail, progressive downloading is not so

vulnerable to packet losses compared to downloading

discrete LODs. All lost packets must be resend, but the

previously received increments of detail can already

be rendered. With discrete LODs, the complete file

must be successfully received before the rendering can

start. It should also be noticed that typically less

wireless bandwidth is required when the complete

piece of 3D graphics is progressively downloaded

compared to separately downloading multiple discrete

LODs. However, by downloading only one discrete

LOD with the highest visual quality, less bandwidth is

typically required compared to progressively down-

loading the complete piece of 3D graphics.

3.3 On-device Optimization

In the on-device optimization phase, a 3D Internet

application still has an opportunity to optimize the 3D

graphics based on the known capabilities of the mobile

chipset and/or the underlying rendering engine to

facilitate the upcoming rendering phase. As the process-

ing power of mobile CPUs is limited and the optimiza-

tions are typically run in real-time, the changes to the 3D

graphics need to be significantly smaller in scale

compared to the remote simplification phase. Therefore,

their effect on the overall performance and energy

consumption of a 3D Internet application is typically

smaller. However, it should be noted that the optimiza-

tions done in the on-device optimization phase can be

fine-tuned more precisely according to the specific

hardware features of the mobile GPU in question. The

optimization techniques in the on-device optimization

phase include GPU transcoding, surface material sim-

plification, batch optimization and local caching.

3.3.1 GPU Transcoding

In the GPU transcoding, primitive data types of the

attributes (e.g., vertices) are transcoded into data types
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that are more favorable to handle by the mobile GPU.

In the context of the defined optimization targets, GPU

transcoding can be used for improving the perfor-

mance and for lowering the energy consumption

potentially at the expense of minor decrease in the

visual quality.

Geometry data is often delivered in floating point

numbers, which usually require storage space of

32-bits per floating point (single precision IEEE

floating point number). Several mobile GPUs that

support OpenGL ES specification implement a pro-

gramming extension ‘‘OES_vertex_half_float’’, which

allows using 16-bit floating point numbers instead of

32-bit [74]. In general, 32-bit floating point numbers

can be converted into 16-bit equivalents without

straining the mobile CPU and without compromising

the visual quality of the 3D graphics. From the

standpoint of the mobile chipset, this result in notable

savings in the use of internal bandwidth and memory,

which further contributes to better performance and

lower energy consumption [41]. It should be noted that

the same principle can be applied to all data types (i.e.,

8-, 16- or 32-bit triangle indices as required, or fixed

point 8- or 16-bit vertex data [56]).

3.3.2 Surface Material Simplification

In addition to the remote simplification phase, surface

materials can also be simplified later in the on-device

optimization phase by the mobile device itself. In the

context of the defined optimization targets, surface

material simplification can be used for increasing the

performance and for lowering the energy consumption

at the expense of the visual quality.

If the capacity of a mobile device is either identified

or estimated incorrectly, the remotely conducted

surface material simplification may result in unneces-

sarily complex surface materials. In addition, the user

of a 3D Internet application may prefer performance

over visual quality. In these cases, the surface

materials should still be further simplified in the on-

device optimization phase. For example, the mobile

device can ignore a large number of light sources and

combine them into one directional light, and hence

simplify the lighting calculations [111]. The surface

material definitions directly affect the complexity of

the locally generated shader programs, and hence, the

rendering performance increases at the expense of

visual quality [55]. As a consequence, the GPU duty

cycle shortens, and thus, the rendering of a single

frame consumes less energy.

3.3.3 Batch Optimization

In the batch optimization, the features of the modern

mobile GPUs are taken advantage of to enable more

efficient rendering process. In the context of the

defined optimization targets, batch optimization can

be used for increasing the performance and for

lowering the energy consumption.

A batch is a group of geometry which has common

surface material information, and hence can be rendered

with a single shader program and a draw call [111]. The

rule of the thumb is that the more geometry can be

packed into single batch (i.e., single draw call) the better

will be the rendering performance. To accelerate the

rendering process, batches can be formulated either (1)

by organizing vertex attributes into their own vectors

separately, or (2) by interleaving vertex attributes into a

single array where the attributes of a single vertex are

packed into a group. Based on the OpenGL ES 3.0

specification, the use of a single interleaved array is

recommended, since the mobile GPU cache usage can

be optimized when all attributes of a single vertex reside

in nearby memory locations [44]. However, if the

rendered 3D graphics are dynamic by nature, it may not

be efficient to store the vertex attributes in a single

interleaved array. This is because of the fact that

updating individual vertex attributes (e.g., vertex posi-

tions) is not efficient when the vertex attributes are not

stored in consecutive memory locations. In this case,

having vertex attributes stored in individual arrays may

be more efficient. In overall, the less time is used in the

rendering process, the less energy is also consumed.

This should be noted by the developer when selecting

the batch optimization approach.

Finally, regardless of how the batches are formed,

vertex attributes should be packed into a vertex buffer

object [40, 73] which is a cached copy of the geometry.

This enables the mobile GPU to organize the vertex

attributes as efficiently as possible, because the

characteristics of the input data are already known

before the rendering process [41, 44, 111].

3.3.4 Local Caching

If the downloaded 3D graphics do not completely fit

into the memory space of a mobile device, available
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permanent memory can be used for local caching to

avoid the need for re-transmissions of 3D graphics

from the network. In the context of the defined

optimization targets, local caching can be used for

enhancing performance and for lowering the energy

consumption.

Use of local caching results in lesser use of a

wireless radio interface that has a significant positive

effect on both the performance and the energy

consumption. As the permanent memory on the

mobile device is limited, some caching policies are

needed. In general, local caching should always store

the 3D graphics that is predictably needed in the near

future. An example implementation for local caching

on mobile devices is provided by Nurminen [8] who

apply a method similar to the least recently used

algorithm. When the local cache becomes full, the 3D

graphics that are outside the current view are released

either in reverse distance (for geometry) or in a LOD

(for textures) order. This caching mechanism also

favors small pieces of 3D graphics instead of few large

ones for minimizing access latencies.

4 Discussion and Conclusions

Commonly, 3D Internet applications have been

designed for desktop computers which have greater

hardware capabilities than mobile devices. In this

article, we have (1) identified different technological

approaches for deploying 3D graphics on mobile

devices, (2) defined a general delivery chain of 3D

graphics for mobile devices, (3) identified three

optimization targets (visual quality, performance and

energy consumption) for 3D graphics deployment on

mobile devices based on the special characteristics of

mobile hardware, and finally (4) introduced and

analyzed an extensive number of optimization tech-

niques for data-driven 3D graphics deployment on

mobile devices. The data-driven approach was chosen

for closer examination, because it supports off-line

use, multi-user interaction, creation and distribution of

user-created 3D graphics as well as creation of

arbitrary 3D graphics.

Based on the analysis conducted in Sect. 3, some

recommendations are next provided for selecting

appropriate optimization techniques according to the

defined optimization targets. It should be noted that

the right balance between the three optimization

targets should always emerge from the requirements

of the 3D Internet application itself and the character-

istics of the predicted usage environment including the

available wireless bandwidth and the capacity of

mobile device. Table 5 summarizes the impact of the

wireless bandwidth and the capacity of the mobile

device on the implementation of the three optimization

targets.

When visual quality is optimized without com-

pletely neglecting performance and energy consump-

tion, it is beneficial to use discrete LODs for geometry

with as high quality as enabled by the wireless

bandwidth. For texture LODs, texture coordinate

optimization enables high quality textures even with

lower resolution images. When wireless bandwidth is

scarce, RGBA images provide a compact presentation

for textures. Otherwise, compressed textures can be

used. The higher the capacity of the mobile device, the

more advanced surface materials should be used to

provide the best visual quality possible.

When performance is optimized without completely

neglecting visual quality and energy consumption, low

quality discrete or progressive LODs for geometry, low

quality textures and simple surface materials should be

used. This is to make sure that (1) all 3D graphics can be

quickly transferred over the wireless medium, (2) all 3D

graphics fits into the available memory of the mobile

chipset, and (3) the 3D rendering process is as efficient

as possible to provide a high frame rate and a responsive

user interface. It should be noted that progressive LODs

are an option when the capacity of the mobile device is

high due to the potential decoding overhead inflicted on

the mobile CPU. When wireless bandwidth is scarce, it

is important to choose a progressive method that

provides a very low bpv ratio (e.g., [64]) to enable as

efficient use of the wireless bandwidth as possible.

When wireless bandwidth is not a limiting factor, a

hybrid combination of discrete and progressive meth-

ods presented by Limper et al. [40] is an ideal choice,

because it does not require any decoding on the mobile

CPU. However, the method requires more wireless

bandwidth due to the low level of geometry compres-

sion. For textures, either RGBA or compressed textures

with lossless compression should be used when the

wireless bandwidth is scarce. When the capacity of the

mobile device is low, GPU transcoding increases the

performance of the mobile GPU. Batch optimization

also increases performance when implemented appro-

priately based on the static or dynamic nature of the 3D
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scene. Finally, remote caching enables faster responses

to 3D graphics queries over the wireless medium and

local caching decreases the number of required queries

if all 3D graphics do not fit into the memory on the

mobile chipset.

When energy consumption is optimized without

completely neglecting visual quality and performance,

low quality discrete or progressive LODs for ge-

ometry, low quality textures and simple surface

materials should be used. This way, the energy

consumption can be decreased (1) by using the

wireless radio interface as little as possible, and (2)

by minimizing the load on the mobile chipset caused

by the 3D rendering phase. When wireless bandwidth

is very scarce, it may be beneficial to use a progressive

method that provides a low bpv ratio (e.g., [64]) to

enable as efficient use of the wireless bandwidth as

possible. When wireless bandwidth is not a limiting

factor, a hybrid combination of discrete and progres-

sive methods presented by Limper et al. [40] is also an

option, because the method does not require any

decoding on the mobile CPU and consumes less

memory on the mobile chipset compared to having

several discrete LODs. For textures, it is the most

energy efficient to use compressed textures with

lossless compression. In addition, it is beneficial to

use GPU transcoding to decrease the load on the

mobile chipset through lesser use of the internal

bandwidth and the memory. Batch optimization also

decreases energy consumption when implemented

appropriately based on the static or dynamic nature of

the 3D scene. Traffic shaping should also be used to

minimize the use of the wireless radio interface. As a

result, 3D graphics are bundled, i.e., packaged

together and sent to the mobile device in a single

package, instead of multiple small packages. It should

be noted that this approach may not be suitable for 3D

Internet applications with strict real-time require-

ments. However, traffic shaping enables significant

energy savings. Finally, local caching should be used

to decrease the use of the wireless radio interface if all

3D graphics do not fit into the memory on the mobile

chipset.

In addition to the limitations set by the wireless

bandwidth and the capacity of the mobile device, also

collaborative nature of a 3D Internet application may

introduce real-time requirements that must be taken

into account when selecting appropriate optimization

techniques. When 3D graphics are created and

modified by mobile users, their devices need to be

capable of updating new pieces of 3D graphics to the

3D Internet application (and its other users) within an

acceptable timeframe. From the standpoint of ge-

ometry simplification, the encoding speed of a

simplification method becomes an important selection

criterion. However, simplification methods providing

fast encoding times do not typically provide very good

compression rates, which may result in delayed

interaction when dealing with limited wireless band-

width. It may be beneficial to use progressive methods

in these cases, because incremental addition of detail

enables having a low quality version of 3D graphics

very quickly available.

Research on the deployment of 3D graphics for

mobile devices is a wide area and is continuously

affected by the delivery of new mobile devices and

their features to the market. The optimization tech-

niques presented in this article are valuable, but to gain

even further benefit of their use, a deeper understand-

ing of the target mobile hardware is of the essence.

Such knowledge together with the information pro-

vided in this article will help in deploying robust and

mobile friendly 3D Internet applications in the future.
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