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Abstract
Ultra-dense SCNs have been regarded as 

a promising technology to handle the future 
data traffic explosion. However, the complicat-
ed relationships among large scale users and 
cells practically demand a cooperative group-
ing mechanism to account for the shortage 
of resources in SCNs. A group buying market 
mechanism provides a win-win situation and 
effective resource allocation in the view of eco-
nomics. With additional decision information 
being provided, the context awareness enhances 
and improves the group buying mechanism. In 
this article, we propose a CAGB mechanism to 
allocate the resources in ultra-dense SCNs. The 
feasibility, necessity, and effectiveness of CAGB 
are analyzed first. Then, we introduce the group 
buying mechanism and some common context 
awareness. The relationship between context 
awareness and group buying is also analyzed. 
Some important technologies in SCNs are dis-
cussed in the view of CAGB, such as load bal-
ancing, spectrum management, and cooperative 
caching. Then, the graphical CFGs of CAGB are 
presented to match the complicated network 
topologies in SCNs. Two CAGB-based use cases 
about spectrum market and cooperative cach-
ing are presented. Finally, future research issues 
about context awareness, grouping mechanism, 
and buying mechanism are discussed.

Introduction
Over the past decade, mobile communication 
devices and mobile data traffic have experienced 
an explosive growth, which exacerbates the spec-
trum shortage. In order to solve this problem and 
accommodate the heavy traffic, 5G technolo-
gies have been proposed to achieve a thousand 
times increase in throughput. As one of the most 
important features and promising technologies, 
hyper-dense small cell networks (SCNs) [1] have 
drawn a lot of attention recently.

The ultra-dense property brings about the 
large number of cells and users first. Compared 
with traditional communication systems, numer-
ous players challenge the decision framework 
and learning algorithms in SCNs. The interac-
tions among users and cells are more compli-
cated and difficult to be modeled, such as in the 

spectrum market. The traditional distributed deci-
sion framework without information exchange 
and cooperation cannot handle the large scales 
situation well. But the connections among users 
and cells are stronger, especially for the close-
ly deployed ones. These close connections of 
users’ demands, contents, traffic or other aspects 
are considered as context awareness. Also, these 
connections require a cooperative mechanism 
to explore and use. Furthermore, existing studies 
mostly focused on one level’s resource alloca-
tion, lacking an overall consideration for both 
users and cells. Hence, a cooperative mecha-
nism which uses multi-dimensional information 
and achieves a win-win resource allocation is to 
be investigated.

In this article, a context-aware group buy-
ing (CAGB) mechanism is proposed to meet 
the resource allocation in ultra-dense small cell 
networks. Group buying is a traditional cooper-
ative economic behavior and has been widely 
employed on the Internet, such as in eBay and 
Taobao. Reviewing some existing technologies 
in ultra-dense SCNs, such as spectrum resource 
allocation and management [2–5], and load 
balancing [6, 7], it can be seen that there are 
mainly three reasons that make group buying 
employed in ultra-dense small cell networks 
possible and effective:
•	 The hyper-dense deployment provides a prob-

ability that we can seek the consistency of 
users’ demands from the diversity. The prod-
ucts of traditional group buying are always 
hot sales, which attract people to form a 
group and buy them. This consistency or 
same demand of buyers is the basic motiva-
tion of group buying. In wireless communica-
tions, spectrum, energy or other resources are 
hot sales for users, equipment and cells. To 
achieve these resources, players would like to 
unite and form a group.

•	 The group mechanism can achieve a win-win 
in economics. In traditional group buying, the 
common cost of products is reduced or shared 
by a large number of buyers. In this way, buy-
ers get the products with lower price and gain 
benefit. On the other hand, even though the 
unit price is less, the final benefit of sellers still 
increases due to the increasing number of buy-
ers. Also, in wireless communications, some 
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common or basic costs can be reduced and a 
win-win result motivates both sellers and buyers 
to employ a group buying mechanism.

•	 The group buying mechanism can improve 
the resource efficiency through uniting users 
together. In grouping mechanisms, distrib-
uted powers can be united as an entity and 
achieve something they could not when sep-
arated. As a cooperation mechanism, users 
help each other, and the group buying may 
inspire more potential users through reducing 
common cost sometimes. Moreover, consid-
ering context awareness which provides extra 
information and strategy dimension, the con-
text-aware group buying mechanism could 
be better.

Therefore, combining context-aware group buy-
ing and ultra-dense networks together is feasi-
ble, and it would achieve better performance in 
resource allocation.

The remainder of this article is organized as 
follows. The origin and application of the group 
buying mechanism is introduced and the context 
awareness of the SCNs is discussed in the following 
section. The existing studies of CAGB for resource 
allocation are reviewed and some technologies are 
then investigated. With these specific technologies, 
graphical coalition formation games are presented. 
Following that, two use cases of spectrum auction 
and cooperative caching with the CAGB mecha-
nism are presented. Finally, future research issues 
and the conclusion are given.

Context-Aware Group Buying
Group Buying

Group buying is a traditional mechanism for sales 
promotion, which shows new life with Internet 
development. This mechanism has become an 
important and necessary part of the Internet 
economics with effective results. Almost all pop-
ular e-shops have employed this mechanism to 
improve their sales. The main advantage of group 
buying is to save the public cost with a large 
number of participants. On one hand, the cost 
is reduced and buyers can get a lower price. On 
the other hand, although the price is less than the 
non-grouping situation, the increasing number of 
buyers leads to a total increase in the final benefit. 
In this way, group buying brings about a win-win 
situation for both buyers and sellers.

There are already some researchers focusing on 
group buying mechanisms. Some typical models 
of spectrum auction, caching and load balancing 
about CAGB are shown in Fig. 1. Group buying 
was first used in spectrum auction situations [2, 
4]. The authors in [4] investigated an auction pric-
ing problem to achieve high benefit with keeping 
truthful property. The authors in [2] focused on 
low budget situations and proposed a grouping 
rule to unite low budget users. Low budget users 
are united based on their traffic demand, in order 
to increase the total budget and the final channel 
access probability. Then, group buying was extend-
ed to other fields of small cell networks [6, 8]. 

FIGURE 1. The context-aware group buying mechanism in SCNs and the relationship within CAGB.
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The authors in [6] studied the energy efficiency 
of SCNs under the energy market and an ahead 
selling framework. A Stackerlberg game was mod-
eled with a group buying mechanism to balance 
the load between cells’ energy resource and traffic 
demand. Our previous work [8] studied a caching 
cost reduction problem and designed a group buy-
ing mechanism to reduce data caching cost based 
on content awareness.

Compared with the Internet situation, group 
buying in ultra-dense SCNs has some differences, 
and also the key points, which should be consid-
ered if employed.

Resource allocation is different from product 
sales. The main purpose of CAGB in SCNs is to 
optimize resource allocation and improve efficien-
cy, instead of achieving more sales. Also, resources 
cannot be modeled into traditional products due to 
the heterogeneous, dynamic, uncertain and open 
properties of wireless communications.

More complicated grouping mechanisms need 
to be designed. When optimized objectives are not 
similar specific products, users’ utilities, grouping 
rules and results performance may be different. 
Then interaction among players also needs to be 
considered and formulated, which is totally differ-
ent from traditional situations. Sometimes, users 
will play the role of the leaders in CAGB.

A win-win result needs to be carefully designed. 
For simple traditional group buying, the final win-
win result is easy to achieve, while for resource 
allocation, the results cannot be guaranteed to be 
win-win due to the redesigned group rules and 
complicated situations. The benefit of grouping 
sometimes belongs to only the buyer side while the 
sellers are ignored.

Most existing related work focused the most 
attention on the buying actions instead of group-
ing strategies. However, we think that the group 
buying mechanism should go beyond its naming 
“buying,” and extend to more generalized situa-
tions with the core idea “grouping.” In our opin-
ion, context-aware group buying is not only an 
economical benefit improvement tool, but also an 
important and efficient mechanism for resource 
allocation. For ultra-dense SCNs, resource allo-
cation and optimization with a large number of 
players are the challenges. Cell deployment [9], 
spectrum management [4, 5], energy efficiency 
[6, 10] and caching [8, 11] are the active research 
fields. Besides spectrum management, other fields 
are not related to the buying directly. However, 
the cooperative optimization idea can still be 
used in all these fields, especially when distributed 
optimization has shown its disadvantages in ultra-
dense situations. To solve this problem, finding 
the corresponding context awareness, designing 
the group forming rules and analyzing the perfor-
mance are the three important areas to improve 
resource efficiencies.

Context Awareness
Based on the above discussion, to combine the 
group buying mechanism and resource allocation 
harmoniously, a context awareness bridge which 
can provide additional information and extend 
cooperation dimensions and strategy space is 
needed. Context awareness means that users 
can sense the environment and obtain the infor-
mation, such as location and traffic, achieve the 

information and improve their utilities driven by 
this awareness. According to the contents and 
the purpose, context awareness can be classified 
into many categories. Following are some typical 
awareness.

Location Awareness: In ultra-dense SCNs, cells 
and users are located closely in the hot spot area. 
Under this condition, some technologies can be 
realized, such as device-to-device communications 
and load balancing. Location awareness is the most 
common among context awareness and influences 
interference, throughput, delay and many other 
metrics in wireless communications.

Content Awareness: Content awareness is 
related to caching technology or content dissem-
ination networks. For these situations, what users 
are concerned about or focus on is very important 
for the service provider. With deep learning in big 
data, users’ favor or disfavor can be learned from 
their traffic data. Then, a more targeted service can 
be provided with better quality of service in more 
effective ways.

Demand Awareness: The QoS metric is the 
ability that system can provide, offer or guarantee 
for users, while the quality of experience (QoE) is 
a complicated metric to evaluate service, includ-
ing received service, user’s environment influence, 
emotional state, and other issues. In this article, 
users’ demand can be regarded as the simplifica-
tion of the QoE metrics, which is the traditional 
QoS-level based on users’ specific requirements. It 
can be bandwidth, throughput and other resource 
demand based on the application-level experienc-
es. Compared with the traditional QoS metric, 
the demand reflects users’ need more accurate-
ly. Driven by demand awareness, users’ quality of 
experience will be improved, and resources can be 
allocated more effectively. On the other hand, the 
resource is saved by accurate demand, and there-
fore the saved part can serve more users.

Energy Awareness: Since ultra-dense SCNs 
have been developed recently, the large number 
of cells and users makes energy efficiency promi-
nent due to environmental and economic consid-
erations. Cell sleep mode and energy harvesting 
technologies are proposed to save energy and 
achieve energy efficiency.

Social Awareness: Social aware networks have 
drawn a lot of attention recently. Besides physi-
cal interference and connection, users have more 
complicated social relationships. For example, two 
users may be friends and they would help each 
other by providing relay, extra spectrum resource 
and so on. Social awareness provides a social pre-
sentation of network topology.

Note that for almost all context-aware group 
buying, no matter with direct cooperation or indi-
rect distributed coordination, a grouping mech-
anism is the key to design utilities and improve 
performance in both the user level and the net-
work level. Imagining the following situation, if only 
one user is driven by its context awareness, such 
as demand, and others are just focusing on their 
throughput, the final result will not be better. Play-
ers need to unite and work together based on the 
context awareness. The relationship between con-
text awareness and the group buying mechanism is 
given as follows, shown in Fig. 1d: 
•	 Context awareness provides extra information 

dimension and strategy space.

Social aware networks 
have drawn a lot of 
attention recently. 
Besides physical inter-
ference and connec-
tion, users have more 
complicated social 
relationships. For exam-
ple, two users may be 
friends and they would 
help each other by 
providing relay, extra 
spectrum resource and 
so on. Social awareness 
provides a social pre-
sentation of network 
topology.
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•	 Group buying enhances context awareness 
through unity and aggregation. 
Context awareness and group buying comple-

ment each other and the combination contributes 
to resource allocation in SCNs.

SCN Resource Allocation with CAGB
In this section, we focus on some existing tech-
nologies in ultra-dense SCNs and try to find the 
connection with context-aware group buying, 
summarized in Table 1.

Spectrum Market
The main purpose of small cell networks is to 
provide higher channel rate and improve spec-
trum efficiency through dense deployment. With 
the increasing traffic demands and users, the 
spectrum resource is showing shortage. Com-
pared with traditional static and fixed manage-
ment and dynamic open cognitive radio, the 
spectrum market mechanism assigns resources 
based on users’ price. It keeps a dynamic and 
economical assignment and avoids the disorder 
caused by random access. Hence, the spectrum 
market summarizes advantages from the tradi-
tional and cognitive radio management, and 
achieves effective results.

The CAGB has been used in some categories 
of the spectrum market, such as auction [2–4]. 
In these cases, users may group to increase the 
access probability by aggregating their budgets 
and reduce the cost by making full use of the 
spectrum. Among these research works, the 
most common awareness is demand aware-
ness. The economical evaluation of spectrum 
resource is not only related to communication 
metrics but also to demands and budgets. The 
demand awareness is also the key point during 
the shifting from quality of service to quality of 
experience.

Load Balancing
Since the traffic does not distribute uniformly, 
the cell resource cannot always match the traf-
fic demand. There always comes the situation 
where one cell is overloaded but the nearby 
cells still have extra resource. Load balancing [7] 
is proposed to solve this problem by balancing 

the traffic and the demand among cells. Some 
other technologies also employ the same idea 
with different purposes. For example, sleep mode 
[13] focuses on energy efficiency and would like 
to shut down some cells. In this way, energy is 
saved by closing a cell and its original users are 
still served well by nearby cells.

In these technologies, there are two levels 
for grouping: cell level and user level. Nearby 
cells can form the coalition, and balance the 
traffic with less cost. On the other hand, users 
can play together and select cells to achieve 
better service. How to balance the load effec-
tively and satisfy quality of service constraints 
is a key point in modeling. Naturally, almost 
all the work considers location awareness. The 
Poisson point process is used to model the dis-
tribution of users and cells; energy and demand 
awareness also influence cells’ strategies and 
users’ selections.

Caching
Users may have similar traffic demand in SCNs, 
especially for popular content. Compared with 
downloading the same traffic from a macro base 
station every time users require, the small cells 
would cache the traffic ahead and provide a bet-
ter service when users need it. On one hand, the 
spectrum resource of the repeatedly requested 
data is saved for other demand. On the other 
hand, the cached content is delivered directly to 
users in a timelier manner.

Considering the distance issue, downloading 
cost from nearby cells might be less than that 
from a macro base station. Since the caching 
capacity is limited, small cells can reduce the 
caching cost and improve spectrum efficiency 
through cooperative caching [8, 11]. There are 
also works extending the caching from the cell 
level to the user level. Users form groups, shar-
ing traffic through device-to-device communica-
tions. Obviously, the related awareness is content 
awareness, which is key to model the caching 
cost and design grouping rules.

There are other technologies in ultra-dense 
SCNs related to the CAGB mechanism, for exam-
ple, hyper-graph interference management. Due 
to the fact that the traditional binary model cannot 

TABLE 1. Resource allocation in SCNs.

Situations Literature Context awareness Strategy Models

Spectrum 
management

[3] Location + traffic Channel Spectrum auction + overlapping coalition formation

[2] Demand Coalition selection Spectrum auction + coalition formation

[5] Location + demand Payoff Two-side market

[12] Location Channel Interference management + overlapping coalition games

Load 
balancing

[6] Traffic + energy Energy Energy efficiency + Stackelberg game

[7] Content User association Spectrum auction + coalition formation

[13] Energy Sleep mode Local cooperative game

Caching
[8] Content Caching source Local cooperative game

[11] Content Caching source Cooperative hierarchical framework

Deployment [9] Location + energy Location deployment Convex optimization

Compared with tradi-
tional static and fixed 

management and 
dynamic open cogni-

tive radio, the spectrum 
market mechanism 

assigns resources based 
on users’ price. It 

keeps a dynamic and 
economical assign-

ment and avoids the 
disorder caused by 

random access. Hence, 
the spectrum market 

summarizes advantages 
from the traditional and 

cognitive radio man-
agement, and achieves 

effective results.

ZHANG2_LAYOUT.indd   121ZHANG2_LAYOUT.indd   121 12/19/19   3:21 PM12/19/19   3:21 PM

Authorized licensed use limited to: Ryerson University Library. Downloaded on March 03,2020 at 18:08:21 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Wireless Communications • December 2019122

describe the summary effect caused by ultra-dense 
deployment, the hyper-graph model is used to 
present a more generalized and accurate interfer-
ence relationship. The users in groups represent 
hyper-edges and make decisions to avoid interfer-
ence.

Note that users, small cells and macro base 
stations have different demands and require-
ments. Their focus points are also heteroge-
neous. The corresponding mechanism and 
algorithm should balance these conflicting 
goals. The context awareness discussed before 
is not only about users but also about cells. 
For example, energy awareness is an import-
ant aspect in offloading and servicing macro 
users for cell consideration. Content aware-
ness is more common for cells’ caching issues, 
which can help cells reduce much resource 
and improve efficiency. In deployment prob-
lems, location cannot be avoided and ignored. 
Other context awareness also plays important 
roles when we consider different aspects of 
the hyper-dense small cell networks. Besides 
context awareness, the relationships between 
users and different cells are complicated. The 
simple coalition formation rules can contain 
much complicated relationship, that is hard to 
describe or formulate. No matter it is cooper-
ative or competitive, coalitional or selfish, with 
careful utility design and preference order 
choice, the relationship can be shifted to the 
coalition formation process. Some previous 
studies and research investigated the existence 
of the stable coalition partition and achieved 
good properties. For example, the Pareto order 
[14] can guarantee the existence of the stable 
coalition partition in systems with finite states. 
Based on these studies, the context-aware 
group buying mechanism can make the compli-
cated relationship between users and cells sim-
ple, in some degree and aspects, fortunately.

Graphical Coalition Formation Games for 
Context-Aware Group Buying

To employ CAGB in SCNs, a group is needed 
first. There are many theoretic models related to 
the cooperation mechanism. Among these mod-
els, coalition formation games are just studying 
the problems about which users should be coop-
erated with and the existence of coalition struc-
ture. In this section, graphical coalition formation 
games are introduced to match the resource allo-

cation in SCNs. Then, some differences between 
theoretical game models and practical communi-
cation systems are discussed.

Graphical CFGs for CAGB
The coalition formation games [12, 14] study the 
existence of stable coalition structure. In most 
CFGs, how to divide the coalition benefit is deter-
mined and just focus on the coalition structure. 
In other words, players’ utilities are only related 
to the joining in or leaving action and there is no 
bargaining between players among the coalition. 
This property ensures the coalition formation is 
more available for certain strategy situations, such 
as dynamic spectrum access in spectrum manage-
ment and user association in load balancing.

Compared with traditional CFGs, some import-
ant difference in SCNs are the location and topolo-
gy. Due to channel fading, users can only connect 
to nearby cells and users, which limits their coali-
tion selections. Furthermore, utility functions may 
be related to the network topology, which is also 
different from the traditional CFGs. The graphical 
CFGs can model the resource allocation problem 
in SCNs more accurately while considering loca-
tion awareness. An example of the traditional and 
graphical CFGs is shown in Figs. 2a and 2b.

To match graph in SCNs, measures should be 
taken from three key points in graphical CFGs: util-
ity function, preference order and coalition actions. 
The utility function is the objective of players and 
should be carefully designed first. To evaluate and 
formulate the influence of topology to users’ utili-
ties is necessary and important. Some methods in 
coalition games and graphical theory may make 
contribution. Through utilities, preference order 
can be defined as a selection between two coa-
litions. According to the preference order, two 
actions, joining and leaving, determine the merge 
rule and the split rule of coalition structure. Two 
coalitions can merge into a larger one when all 
users achieve benefit from merging. Also, one 
large coalition can be split into two parts when the 
divided parts can improve utilities from splitting. 
The existence of the stable coalition partition is 
analyzed finally, which is influenced by the utility 
function and preference order. These actions influ-
ence the convergence and the performance of the 
final results.

There are three key points in the design of 
CAGB in SCNs: utility function, preference order 
and coalition action. After introducing the basic 
definitions, we would discuss how to couple with 
these challenges.

Utility Function: The most challenge in the 
design of utility function is how to describe the sys-
tem accurately and provide convergence for proof 
at the same time. In particular, for the graphical 
CFGs, the influence of network topology is difficult 
to formulate in the functions. As a possible way, we 
can combine the CFGs with other games together, 
keeping the framework as CFG and utility design 
as the other games, gathering advantages together 
to tackle with difficulties. For example, the local 
cooperative games (LCGs) [15] (Fig. 2c) as a kind 
of potential game can offer much help. First, the 
utility in LCG has a generalized guarantee for NE 
existence, which provides a large degree of free-
dom in design. Under this perfect condition, we 
can consider and formulate the complicated con-

FIGURE 2. Example of tradition CFGs, graphical CFGs and local cooperative 
games: a) Users are all connective to each other in traditional CFGs; b) 
while the graphical CFGs consider a topology b). The users in local cooper-
ative games c) consider all neighbors and its own rewards as utility.
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text-aware factors in utility functions, then modify 
it to couple with LCG utility types for convergence. 
Second, the LCGs can use just local information 
to achieve global optimization, which indicates a 
good adaption for graphical topology and incom-
plete information situations. With this property, the 
topology influence can be coupled with and the 
final performance would have an improvement. 
Generally, the two properties provide the design 
convenience, performance guarantee and conver-
gence proof to make the graphical CFGs work. 
Some other games, such as matching game and 
Stackelberg game, also can be learned from and 
combined with CFGs.

Preference Order: The Pareto order is a com-
mon preference order and widely used with a gen-
erally good but not optimal performance. Beyond 
the Pareto order, to propose new orders achieving 
better performance is another challenge. For exam-
ple, coalition order maximizing the joint coalition’s 
utility, and selfish order maximizing its own utili-
ty without damaging the other mates’ utilities in 
the joint coalition, are two new orders. They can 
describe users’ behavior with different objectives 
or types and achieve better performance than 
Pareto order. However, without the Pareto order’s 
guarantying, the existence of the final stable coa-
lition partition needs to be proved. The proof is 
also related to the utility design and some kinds of 
utilities can provide some insight. For example, the 
marginal utility, which can be used to describe the 
coalition utility changes when new users are join-
ing in, has a good adaption for generalized utility 
formulation and may suit for the coalition order. 
For the selfish order, some traditional Nash game 
model can offer some help, due to the similar self-
ish property in two cases.

Coalition Action: Traditional coalition action 
includes mainly two actions: joining and leaving. 
Based on these two actions, a swap action is 
defined as a two-phase action with leaving and 
joining. Each of the phases should obey the prefer-
ence order. This requirement keeps the stability but 
may not limit the final performance. For example, 
under the Pareto order, if the leaving would dam-
age other coalition mates’ utilities, this behavior 
would not happen even if the newcomer brings 
a higher benefit. Furthermore, the current swap 
action considers only a one-to-one case; the many-
to-many swap mechanism is seldom investigated 
due to the convergence problem. As the final 
results under many-to-many action are similar to 
the Strong Nash equilibrium, it can also provide 
some help in the proof. To say the least, the new 
action may also improve the final performance as a 
heuristic algorithm.

Gaps Between Game Models and  
Communication Systems

While game models provide some methods to 
allocate resources in SCNs, there are still some 
gaps between the theoretical game models and 
the practical communication systems.

The first gap is the information limit. In many 
game models, the information is assumed to be 
perfect. The players’ strategies, utilities, actions 
and rewards are easy to get. Then, it is assumed 
that there are no errors and no delay among these 
information transmissions. However, due to the 
openness of wireless communication, such infor-

mation cannot be transmitted without errors. Also,  
when one player changes its action, the changes 
cannot be announced to the others immediately. 
Hence, incomplete and uncertain information is 
more practical, which brings about difficulties in 
game model.

Another challenge is the mechanism differenc-
es, especially for dynamic factor. Dynamics influ-
ences many aspects in communication. Players 
can move around and their locations are dynamic, 
which may change the topology of the network. 
For example, the coalition structure cannot be 
maintained for a long period. The traffic load, chan-
nel quality, and other micro dynamics are also vary-
ing with time, influencing the utility evaluation. The 
influence of micro dynamics can be alleviated with 
utility function design. But for the macro dynamics, 
some new mechanism or framework needs to be 
proposed to account for the changes.

The final problem is the achieved performance. 
The game models only provide existence of final 
equilibriums and the corresponding theoretical 
analysis. How to approach a better equilibrium of 
the possible results is still not solved. For the exist-
ing learning algorithms, modification is necessary 
to match system and utility, and the convergence 
also needs to be proved. Furthermore, considering 
the above two issues, learning algorithms are more 
difficult to design and modify.

Case Study
In order to motivate the readers, we now present 
two use cases of context-aware group buying: 
spectrum auction in [3], and cooperative caching, 
which are related to the situations of Figs. 1a and 
1b, respectively.

Case 1: Spectrum Auction
Spectrum auction is one of the most effective 
solutions to allocate the spectrum resource, but 
most of the existing studies assume that the spec-
trum buyers’ demands are homogeneous and 
the interference relationship is fixed without any 
change with the variation of spectrum. In this case 
[3], we combine the overlapping coalition forma-
tion with the double auction, jointly considering 
heterogeneous spectrum reusability, multi-spec-
trum demand and economical efficiency. We 
maximize the buyers’ benefits and sellers’ bene-
fits through the double auction mechanism. Fig-
ure 3 shows the channel selling ratio of different 
algorithms, which also can be considered as the 
spectrum efficiency in the system. To search for 
the optimal coalition structure (i.e., buyer group 
formation), we present a dynamic and iterative 
coalition formation algorithm to jointly consider 
spectrum allocation and pricing rather than sep-
arately. Pareto improvement of every coalition 
operation in the coalitional formation process can 
make the algorithm finally converge to a stable 
and satisfactory coalition structure.

Figure 3 shows the comparison of spectrum 
utilization and average buyers’ satisfactory lev-
els. The CAGB algorithm is proposed in [3] and 
compared with an existing algorithm and a ran-
dom solution. The existing algorithm is a truthful 
double auction for multi-demand heterogeneous 
spectrum. But it ignores the economic efficiency 
of the final outcome and just allocates the spec-
trum for conflict-free buyers in a relatively simple 

Traditional coalition 
action includes mainly 

two actions: joining 
and leaving. Based on 

these two actions, a 
swap action is defined 
as a two-phase action 

with leaving and 
joining. Each of the 

phases should obey the 
preference order. This 

requirement keeps the 
stability but may  
not limit the final  

performance.

ZHANG2_LAYOUT.indd   123ZHANG2_LAYOUT.indd   123 12/19/19   3:21 PM12/19/19   3:21 PM

Authorized licensed use limited to: Ryerson University Library. Downloaded on March 03,2020 at 18:08:21 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Wireless Communications • December 2019124

way. Compared with it, we jointly consider the 
heterogeneous demand, spectrum reusability and 
economic efficiency in the design of our scheme 
in [4]. We can see that the spectrum utilization 
and buyers’ satisfactory level rise with the increase 
of the number of buyers. Note that the channel 
selling ratio (spectrum utilization) is the winning 
ratio of the whole coalitions. The proposed CAGB 
algorithm achieves the best performance among 
the three algorithms.

Case 2: Cooperative Caching
In this case, we study the cooperative caching of 
small cell networks. We assume that cells have 
similar contents to cache. Hence, it is better to 
download the data in groups instead of down-
loading alone. We focused on users’ data cost of 

downloading from the base station and sharing 
among the group. We formulated the download-
ing cost as a Shapley value based on the content 
awareness of the group data distribution; the 
sharing cost is related to the topology within the 
formed group. The group buying problem with 
reducing cost is modeled as a coalition formation 
game. A coalitional order maximizing the coali-
tion benefit, and a selfish order maximizing single 
user benefit, are both proposed. The existence 
of the stable coalition partitions is also proved in 
both proposed orders.

The caching cost of users are compared with 
different orders in Fig. 4. A non-group buying sit-
uation is also simulated for comparison. The three 
orders, Pareto order, coalition order and selfish 
order, are simulated under the CAGB mechanism. 
From the figure, the three CAGB orders are all 
better than the non-CAGB situation. The coalition 
order and selfish order achieve less cost than the 
Pareto order.

Future Research and Conclusions
Future Research

Based on the discussion presented in this article, 
some future work can be focused on three areas: 
context awareness, group framework, and buying 
mechanism.

Enrich and Make Use of the Context Aware-
ness Widely and Deeply: Some other context 
awareness needs to be studied, such as mobility 
awareness and energy awareness. While mobility 
brings about some problems, it also provides anoth-
er dimension of strategy. Users can move around 
to join groups, reduce interference and seek other 
users’ help, to achieve better performance. Fur-
thermore, we can dig the context awareness with 
a way of big data and deep learning. Abstracting 
the information to knowledge will contribute to 
the group buying mechanism to achieve higher 
performance.

Study a Stable and Rapid Grouping Mech-
anism to Match Dynamics: Dynamics is one of 
the most difficult issues in modeling practical sys-
tems. The existing works about group formation 
are mostly about static situations. However, users 
have dynamic traffic demand and they are mov-
ing. The different dynamics influence the coalition 
utilities and structure. This requires us to design a 
rapid and stable coalition formation mechanism to 
match users’ dynamics.

Extend Buying Mechanism to Stereo Situa-
tions: There are different selling methods in eco-
nomics, such as bargaining, pricing and auction. 
Besides auction, other methods can also be used in 
group buying mechanisms. Bargaining can model 
the coalition benefit division among users. Sellers 
and buyers may use a pricing mechanism to com-
pete for more benefit. Besides spectrum resource, 
energy is yet another potential resource in group 
buying. A joint spectrum and energy market can 
be studied in load balancing.

Conclusion
In this article, we proposed and discussed a con-
text-aware group buying mechanism for resource 
allocation in ultra-dense SCNs. Based on the 
large number of players and proximity location 
with ultra-dense property, the feasibility, necessi-

FIGURE 3. Spectrum utilization comparison of CAGB algorithm and others in 
spectrum auction.
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ty and effectiveness for CAGB mechanisms are 
discussed. A detailed introduction of group buy-
ing mechanisms is given and some key points 
of CAGB are presented. Then, some common 
context awareness are introduced, for example 
location, demand and content awareness. The 
relationship between context awareness and 
group buying are also discussed. Load balancing, 
spectrum management and cooperative caching 
are reviewed in view of CAGB. Graphical coa-
lition formation games are presented to model 
the CAGB. One spectrum auction case and one 
cooperative caching case, both with CAGB, are 
investigated. Finally, some future research of con-
text awareness, group framework and buying 
mechanism in CAGB are presented.
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