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Abstract — There has been a recent increase in research efforts 
to enable real-time delivery of virtual environments (VE) and 
multiplayer game content to mobile devices in a way that 
overcomes the limitations of these devices such as longer 
network delays due to the wireless setting and limited battery 
life. Previously, we had introduced an approach to tackle the 
streaming of 3D objects for such environments with the goal of 
improving the real-time response and interactivity of 
networked VEs and games, using an activity-aware 3D object 
selection and prioritization scheme, before streaming those 
objects over the network to the mobile device  [19]. In this 
paper, we introduce an optimization scheme to optimize object 
selection and prioritization with respect to globally defined 
constraints of energy consumption and bandwidth constraints, 
or qualitative requirements such as immersion and visual 
quality.  Our results show that the optimization scheme leads 
to the best quality of gaming experience from the user’s 
perspective.   

Keywords- game streaming; activity awareness; object 
selection and streaming optimization; virtual environments; 
mobile games 

I. INTRODUCTION 
There is no doubt that mobile computing is not just on 

the rise but is truly the future of computing for consumers. 
Reuters  [1] has reported that already more than half of the 
world population use mobile devices; hence, people are more 
likely to use a handheld device than a PC to browse the 
Internet  [2]. At the same time, we are witnessing a move 
towards the mass consumption of 3D media, with a 
significant rise in applications such as 3D video, 3D virtual 
environments (VE), and 3D games. Of these, the most 
prevalent are online video games and online 3D virtual 
environments, with very impressive statistics  [32]: 78.6 
million people in the U.S. played mobile games in 2009, and 
downloads of mobile games increased tenfold compared to 
2003  [30], while more than 125 million people played 
mobile games in the UK and US in 2012  [29]. While gaming 
in general is growing at a rapid pace, mobile gaming is 
seeing the fastest growth  [31], and ABI Research reports that 
mobile gaming revenues will grow from US$5 billion in 
2011 to more than US$16 billion in 2016  [28]. Indeed, the 
growth of mobile gaming is happening so quickly that 
industry observers believe mobile games will change the 
basis of competition in the gaming industry  [30]. Mobile 
gaming has therefore turned into a hot research topic for both 
the industry and academia. 

Due to the dynamic and large amount of content in 3D 
virtual environments and games, prior download of such 

worlds is not a practical solution. As an example, Second 
Life  [5] hosted 270 terabytes of user-generated dynamic 
contents as of 2009  [6] [7]. Moreover, due to the limited 
capabilities of mobile handheld devices in terms of storage, 
they cannot have the entire VE installed on the device. In 
addition to the impracticality of pre-installation, download of 
these large games/VEs through the Internet is very time 
consuming and not pragmatic. In VEs and games, the user 
must be able to view the game content almost immediately 
and start playing the game as soon as possible, instead of 
waiting for a progress bar as is common in presentational 
applications such as audio/video broadcasting. Many online 
game portals will not accept a game in which some sort of 
gameplay does not start after downloading at most 1 MB of 
data  [8]. Therefore, online and real-time delivery of 3D 
content over the network is needed to allow user interaction 
without waiting for a full download. This process is called 
3D Streaming whereby 3D contents such as 3D objects, 
textures, animation, and scene graphs are sent to the player 
just-in-time and as needed. This also allows designers to 
update the models without rebuilding the whole project; i.e. 
some 3D contents such as additional weapons, environments, 
characters, or even full levels that are not originally built into 
the game can be streamed and added later on. 

As mobile handheld devices have limited capabilities and 
resources such as limited battery, limited bandwidth, higher 
network latency due to the nature of wireless networks, 
limited processing capabilities and limited-size display, 
novel techniques are needed to efficiently use local resources 
of handhelds to accomplish 3D streaming as optimally as 
possible. In our previous work, we presented an activity-
centric 3D streaming architecture as a solution to make 
online 3D gaming experience richer and with a higher user 
interaction rate for mobile handheld devices  [19]. We 
introduced the idea of prioritized activity-centric progressive 
streaming, whereby in each frame of gameplay, we consider 
the context of the game to decide which objects are more 
important for the accomplishment of the player’s current 
activity. Therefore, less relevant objects in the scene will not 
be streamed at all or will be streamed at a lower quality, 
freeing up the resources for objects that are more relevant. 
By doing so, we not only reduce the number of objects 
needed to be streamed from the server to target devices, but 
we also improve the player’s performance in the game. 
However, one of the issues that remained unresolved was an 
object selection “threshold” setting that was configured 
manually and was based on multiple experiments with the 
specific game to find the best value. 
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In this paper, we remove that manual step and replace it 
with an optimization scheme to optimize object selection and 
prioritization with respect to globally defined constraints of 
the player’s mobile device in terms of energy consumption 
and bandwidth constraints, or qualitative requirements such 
as immersion and visual quality. Experiments show that our 
optimization scheme automatically achieves a level of 
quality which is higher than the above-mentioned manual 
process. 

II. RELATED WORK 
In large virtual environments (VE), a user only interacts 

with a subset of the environment that is visible to him at a 
given time. Existing approaches for 3D content delivery take 
advantage of this fact, and can be classified into two major 
classes: region-based and interest-based. Region-based 
approaches only stream the geometry information for the 
player’s specific region. Examples include DIVE  [9], 
CALVIN  [10], Spline  [11] and VIRTUS  [12]. In such 
systems, the environment is divided into a number of “pre-
defined” regions and before the user interacts with a given 
region, the full content of the region must be downloaded. 
Therefore, in such systems, whenever the user changes the 
region, interactivity of the system becomes slow as multiple 
pauses are needed for a region to be completely downloaded. 
In contrast to a region-based approach, interest-based 
techniques use an area of interest (AOI) to determine object 
visibility and the client only receives update messages within 
the AOI  [13] [14]. NetEffect  [15] is among such systems. 
These approaches however do not provide any mechanism to 
control the visual quality, although they may reduce the 
amount of game content for downloading. Moreover, the 
download time might still be too long since in recent high-
quality games, there may be too many objects inside the 
mentioned AOI. 

Another shortcoming with existing approaches is that all 
objects within the region or AOI are treated the same, no 
matter how important they are for the user’s current gaming 
context. The work in  [16] and  [17] addresses this issue to 
some extent by focusing on prioritization of objects in a 
given scene based on the idea of object scope and viewer 
scope, where each object in the game is associated with an 
object scope, which is a circular region defining how far the 
objects can be seen, and each player is associated with a 
viewer scope; and their idea is to transmit only the objects 
whose scope has some overlap with the player’s viewing 
scope. While this improves the performance, priority is 
simply defined as whether or not an object’s scope is inside 
the viewer’s scope, and does not consider game context. In 
other words, priority will be given always to objects closer to 
the player, and the proximity of the player with the objects is 
the only parameter considered in streaming. We showed 
in  [19] that proximity, distance, or user visibility is not 
always the best method to select a subset of objects for 
streaming. While such distance-based approaches provide a 
better visual quality for closer objects, other objects (far 
objects) are not transmitted or only streamed at a lower 
quality. However, the context under which the virtual world 

is rendered does not depend only on distance between 
objects. For example, when fighting an enemy in a jungle, 
the enemy has higher priority than the trees and plants 
around the player, and should be updated with higher quality 
in terms of both resolution and update frequency, no matter 
how close or far the enemy is in the visible range. If distance 
is used as the only parameter for streaming, many close 
objects such as nearby trees and bushes are sent to the player 
at a higher quality than required and without having a 
semantic relevance for the game context. While this might be 
acceptable on a personal computer, it leads to a waste of 
resources on mobile devices. In addition, some relevant 
objects might be transmitted only at a lower quality because 
they are far, even though they might be highly important, 
leading to a low quality of gaming.  

In contrast, our approach considers the importance of an 
object for the current situation of the player within the gaming 
world. This assures that the most important objects are 
streamed to the player with higher quality, where importance 
is defined by the game designer within the game context. Our 
work in  [18] described our preliminary idea, and was later 
expanded in  [19], and also showcased in  [20] where we 
demoed a real example of our system working on a personal 
computer and on a mobile device simultaneously. In this 
paper, we add to our system the ability to automatically 
optimize object selection and prioritization with respect to the 
globally defined constraints of energy consumption and 
bandwidth constraints, or qualitative requirements such as 
immersion and visual quality. 

III. PROPOSED METHOD 
For self-containment purposes, we explain here briefly 

how our method works, and refer the reader to  [18] and  [19] 
for more details. Our approach streams only a small portion 
of the environment to the client in each game frame. This 
small portion contains objects that the user is mostly 
interested in; i.e., objects that are needed to fulfill the current 
gaming task and keep the game enjoyable. For example, as 
mentioned, when fighting an enemy in a jungle, the enemy 
has a higher priority than the trees and surrounding plants, 
and should be updated with higher quality in terms of both 
resolution and update frequency. Therefore, in each frame of 
the gameplay, we find the current activity undertaken by the 
player, which is determined by an activity recognizer 
component. The design of such component is out of the 
scope of this work and has been investigated before by other 
researchers, such as the Hierarchical Hidden Markov Model 
based method proposed in  [21], which could be used to 
predict future context. Moreover, we can have virtual sensors 
within the game engine that sense and infer higher level 
knowledge such as the current activity and other game states. 
Most of this information in most of the games is apriori 
known anyway, since most physics engines and AI modules 
already know in which situation the player is and have full 
knowledge about player in-game activities, because many 
game animation sequences or dynamic game level 
adjustments need this information. So we just need to feed 
this information into our proposed method. After recognizing 
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the player’s current activity, objects are prioritized based on 
their importance for that activity. In other words, using 
normalized importance factors, we set the “priority” property 
of each object for the current activity. After this 
prioritization, we sort objects based on importance and we 
stream them in order of priority to the player’s mobile 
device, in one of the following ways: 

 We could stream all objects in the decreasing order of 
priority. However, this won’t work if the player’s 
mobile data plan has a limit, which is typically the case. 

 Depending on the type of internet connection in use, we 
could define a maximum download size, set by the 
service provider or the mobile client. Our framework 
then assures that maximum download size will not be 
violated. This will be done by selecting and streaming 
an optimum subset of objects from the prioritized list. 
This subset contains a number of objects such that the 
sum of total importance of those objects is the 
maximum compared to all other possible subsets of 
objects. Also, the total size of those objects must be less 
than a user-defined constraint. For example, if a player 
does not want to have more than 10 Megabytes of 
download while playing the game, our system must 
ensure no more than 10 Megabytes worth of objects 
from the prioritized list is sent. This is in addition to the 
fact that those selected objects would have the 
maximum total priorities among all possible subsets 
with a size of less than 10 MB. This optimization 
mechanism is discussed in section  III.B below. 

 Also, it would be possible to have more constraints 
defined by the mobile client. As an example, apart from 
having a maximum download size, a player might have 
limitations in battery life of the mobile device, and so 
the game must be played such that the maximum 
energy usage does not go beyond a specific threshold. 

In summary, based on the specific needs of a given 
player, we can select an optimized subset of objects from our 
prioritized list while meeting the limitations and player 
constraints during gameplay. This is explained next. 

A. Object Selection and Prioritization Algorithm 
Our algorithm is summarized in Figure 1. In each frame 

of the game, the current activity (act) undertaken by the 
player is fetched. Then, for a player’s current scene in the 
game, we must extract all the objects in that specific scene. 
This object extraction should take into account the current 
game state, including the current activity (act) and player and 
enemy position and orientation. In our pseudo-code, we have 
shown this as a list named listOfAvailableObjects. 

Our algorithm then looks for the importance factors of 
those selected objects and sets the priority index of each 
object. Now, we have a sorted list of all required objects for 
a given activity undertaken in a given scene. Next, we must 
select a subset of these objects that will be supported by the 
user constraints such as maximum download size, battery 
life, etc. In the following section, we will explain our 

approach to selecting an optimized list of objects based on 
user constraints. 

B. Optimization of Objects Subject to User Constraints 
We are seeking to pick and stream a selection of objects 

in the player’s visibility range which are the most important 
ones for the player’s current activities; i.e., we want the 
subset of objects with a maximum total importance for the 
current activity of the player. This maximization is subject to 
constraints on total download size and battery usage, among 
others. There is a vast and growing literature on power-aware 
computing  [22] that provides various physical, empirical, 
abstract and mixed models of battery discharge behavior that 
could be utilized to design and implement a power-efficient 
computing and communication scheme for a mobile device. 
However, for the case of object selection and streaming, the 
most significant factor in both battery and bandwidth usage 
is the amount of data downloaded by the mobile device. 
Therefore, it would be reasonable to consider total download 
size as the main constraint of the object selection problem. 

Algorithm 1: Activity-Centric Streaming Algorithm 
 

Input:               Available battery at client 
Input:                       Maximum download size 
limited by the user 
Input:                  An array containing normalized 
importance factors 
Input:               An array containing the size of different 
objects 
 

                          
                                                   
 
// the function getSceneObjects() uses the current position  
// of the player and enemies. It also checks if an object has  
// already been streamed or not. 
 
// get user constraints 
                                            
                      
                                         
 
                                         
for     0 to     do 
{ 
                       
                                                 
                   
                                          

} 
 
                        
                                                    
                                                             ; 
                             Sort listOfSelectedObjects  
     based on their priority index; 
                                      
for     1 to     do 
     Stream                             to the client; 
 

Figure 1: Prioritization and Streaming Algorithm. 
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We therefore assume that the user will set a total 
download limit (TDL) for the game session. This user input 
serves as the main constraint of our optimization algorithm, 
which seeks to maximize the total importance of the selected 
subset of objects such that the total size of the selected 
objects do not exceed the download limit determined by the 
user. Assume that there are n objects in the visibility range of 
the player at a certain scene of the game. If the priority 
indices of these objects for the current activity of the player 
are denoted by vector                 and their 
download sizes are                , then we can 
formulate the optimization problem as a standard binary 
integer programming problem as follows: 

 
   
 
      

              

where x is required to be a binary vector of dimension n and 
L is the download limit for the current iteration of object 
selection algorithm. The above integer programming 
problem is well known as knapsack problem and extensively 
studied in the literature of combinatorial optimization  [23]. 
Both the objective function and constraints are linear 
functions of optimization variable x and therefore the 
problem could be solved using a linear programming (LP)-
based branch-and-bound algorithm  [21] [24]. Numerically 
robust and efficient implementations of this algorithm are 
available as commercial software packages  [22] [25] [26]. In 
terms of computational complexity, this problem is classified 
as NP-hard, and in fact the decision version was one 
of Karp's 21 NP-complete problems. However, there is 
a pseudo-polynomial time algorithm for solving the 
knapsack problem  [27]. Given the fact that the number of 
objects considered in each round of object selection is not so 
large, solving such an optimization problem on the server-
side would not cause much computational overhead.  

The resulting binary solution vector x determines which 
objects should be streamed and which ones should not, in 
order to maintain the download size below the limit while 
maximizing the total importance of streamed objects. Note 
that, theoretically speaking, the above optimization problem 
should be solved for each frame of the game. In practice, the 
frequency of running the optimization algorithm might be 
lowered to once for a few numbers of frames. 

It must be noted that the download limit denoted by L in 
the following equation is not the same as the total download 
limit entered by the user, which we denote by TDL. Each 
session of gameplay normally consists of numerous 
iterations of object selection and streaming. While TDL is the 
allowed download throughout the entire gameplay, L is the 
download limit for the current round of optimization 
problem. Our optimal object selection algorithm includes a 
budgeting plan to fairly distribute total download limit across 
the entire level, encompassing several rounds of object 
streaming. Specifically, assume that N is the number of all 

objects in this level of game. Moreover, suppose that Ij 

denotes the set of indices of those objects in the jth round, 
which have not been streamed till this round of object 
selection. A fair value for download limit of the jth round of 
running the optimization problem is: 

   
∑        
∑    
   

       
 

The above budgeting plan maintains a uniform 
distribution of download quota during the entire level. 

IV. EVALUATIONS 
We applied our optimization scheme to the same 

evaluation scenario as in  [19]. As mentioned before, in  [19] 
we set the download threshold manually and based on 
repeated trial and error experiments. For this paper, we used 
the same input data as in  [19] and we ran the optimization 
problem and returned the solution in the form of a bit strings 
indicating which objects should be selected for streaming for 
each activity. Using these bit strings, the game was run and 
the method was evaluated using test cases: 

1. A game with prioritization based on distance; 
2. A game with prioritization based on our activity-

aware model, with manual selection of download 
threshold; 

3. A game with prioritization based on our activity-
aware model, with automatic optimization as 
proposed in this paper. 

The metrics we used to conduct our evaluation are: 

1. the total amount of data transmitted from the server 
to the client in each frame of gameplay. 

2. Game completion: the time during which the player 
has managed to hit each of the weapon warehouses, 
which is an indication of the quality of interactivity 
and of the game experienced by the player. 

As can be seen from the results shown in Figures 2 and 3, 
our proposed optimization algorithm not only automatically 
selects objects, but also outperforms the manual trial-and-
error approach, and obviously outperforms the distance-
based approach, as expected. 

V. CONCLUSION 
We enhanced our previous optimization method, which is used 

for the selection and streaming of gaming objects such that not only 
the most important objects from the perspective of the player’s 
activity are selected and sent to the mobile device, but also user 
constraints such as download limit, battery limit, etc. can be met. 
Our enhancement consisted of an automatic algorithm to determine 
an optimum object selection threshold, making our method more 
effective and removing the need for manual selection of this 
threshold. Our results indicate that our selection algorithm 
outperforms both traditional approaches (distance based) and our 
previous manual method. 
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Figure 2: Data Transmission rate 

 
Figure 3: Time required for each hit 
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