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Abstract With wireless access technologies maturing, the wireless network
environments have a characteristic of multiple networks overlapping, called het-
erogeneous wireless networks. As a key procedure of the always best connected
(ABC) concept, handoff decision schemes need to consider with plenty of factors.
Based on the game analysis and a cloud evolution algorithm, it is proposed that a
cloud evolution-based handoff decision scheme with ABC supported to maximize
user utility and network provider utility. Simulation results show that this scheme
can search the optimal solution efficiently and has good performance.

Keywords Wireless networks � Always best connected (ABC) � Handoff deci-
sion � Cloud evolution algorithm � User utility � Network provider utility

1 Introduction

The access network technologies have been rapidly developed, and 2, 2.5, 3 and
4G networks appear. And they constitute heterogeneous access networks with
plenty of networks overlapping at the same time. With the support of Software
defined radio (SDR) and multimode intelligent terminals, it becomes the core issue
for heterogeneous access networks that the Always Best Connected (ABC) concept
[1] allows an application to connect with any network anywhere and anytime. And
ABC supporting handoff technologies insures the application Quality of service
(QoS) and the seamless roaming [2] for users among a multitude of access network
technologies. But it is difficult for users to describe QoS requirements accurately,
and QoS requirements have strong fuzziness [3]. In addition, handoff decision
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schemes need to ensure that terminals have reasonable dwell time for each deci-
sion, so as to prevent terminals from frequent handoffs. On this base, we think that
handoff decision schemes should consider with the will of users and network
providers besides many internal factors.

Some existing algorithms [4, 5] made handoff decisions to decrease the proba-
bilities of handoff dropping, call blocking, and frequent handoffs. Some algorithms
[6, 7] considered with some factors, such as Received signal strength (RSS), load
balancing, bandwidths, delay, service types, service prices, terminal velocities,
power, and user preferences to select the better wireless access technology. How-
ever, network environments and influence factors of ABC supporting handoff
schemes are not considered comprehensively at the same time in these schemes. The
most important thing is that they do not make users and access network providers
achieve the win–win situation. So we propose a handoff decision scheme with ABC
supported. This scheme should consider with application types, QoS requirements,
service prices, access network provider preferences, mobile terminal conditions and
access network conditions to find optimal handoff solutions, and ensure the ratio-
nality of handoff and the equilibrium of user utility and network provider utility. To
improve the efficiency of decisions, we use the evolutionary algorithm based on
cloud model [8], which converges more rapidly with retaining diversities.

2 Model Descriptions

According to the DiffServ (differentiated services) model, this scheme supports
different types of applications, and ATS = {AT1,…, AT|ATS|} is the set of appli-
cations. QSi is the QoS requirements of ATi type applications, where QSi = {[B-
Wi

l, BWi
h], [DLi

l, DLi
h], [JTi

l, JTi
h], [ERi

l, ERi
h]}, i = 1,…, |ATS|. Since it is difficult

to describe QoS requirements accurately, the form of interval is adopted to
describe QoS.

Assume that the order number of an access network is j 2 1;M½ �, where
M represents the total number of access networks. The access network model is
defined as follows.

The access network provider and access network type are NPj 2 NPS and NTj

2 NTS, where NPS = {NP1,…,NP|NPS|} and NTS = {NT1,…,NT|NTS|} are the cor-
responding sets. Similarly, NASj ( ATS and SLj ( SL are the sets of application
types and service levels supported by the access network, where SL is the set of all
service levels. And there are some parameters of the access network described, such
as the coverage CAj, lowest signal strength LSj, highest terminal velocity HVj, work
frequency FRj, total bandwidth TBj, available bandwidth ABj, and overload threshold
ABj

min. If ABj \ ABj
min, access network cannot accept any of the terminal requests.

Assume that the access network provides a k level service to an ATi type

application, and k 2 SLj. So that the QoS is QSk
ji ¼ bwkl

ji ; bwkh
ji

h i
; dlkl

ji ; dlkh
ji

h i
;

n

jtkl
ji ; jt

kh
ji

h i
:; erkl

ji ; erkh
ji

h io
, where the parameter intervals are subsets of the ones of
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ATi type applications, such as [bwji
kl, bwji

kh] ( [BWi
l, BWi

h]. And scji
k and spji

k are the
service cost and service price of access network for k level services. For seeking
the greater utilities of both sides, this handoff decision scheme can support the
cooperation among terminals or access networks. If there is a cooperation, prji

k

should be cut or risen.
Assume that the order number of a terminal is t 2 [1, N], where N represents

the total number of terminals. The terminal model is defined as follows.
TASt ( ATS is the set of application types with the terminal supported. And

there are some parameters of the terminal described, such as the work frequency
WFt, lowest received signal strength RSt, current velocity of the terminal CVt,
threshold of high velocity CVh, remainder battery capacity RBt, and threshold of
low battery capacity RBth. If CVt C CVh, the terminal is considered at high
velocity conditions; if RBt B RBth, the terminal is considered at low capacity
conditions.

PPt = {PPt1,PPt2,…,PPtm} ( NPS is the sequence of user preferences to
access network providers, where PPt is sorted by preference degrees from high to
low. And WPti is the price that the user is willing to pay for ATi type applications.

In summary, HRt = {ATi, PPt, WPti} is the handoff request of terminal t.
On the base of above-mentioned models, the QoS satisfaction model is defined

as follows.
In this paper, the grey relational analysis method [9] is adopted to evaluate

service levels. According to handoff request HRt, access network j provides a
k level service to terminal t with an ATi type application running based on the
access network conditions. So the weighted fuzzy satisfactions for bandwidth

bwkl
ji ; bwkh

ji

h i
and delay dlkl

ji ; dlkh
ji

h i
are BSji

k and DSji
k , as Eqs. (1) and (2). And

weighted fuzzy satisfactions for delay jitters and error rates are JSji
k and ESji

k , which
are calculated like Eq. (2).

Assume that k* is the ideal service level, and BSk�
i ¼ max

j
BSk

ji is the bandwidth

satisfaction. Similarly, DSk�
i , JSk�

i and ESk�
i can be obtained. The grey relational

degrees of four parameters, GRji
kB, GRji

kD, GRji
kJ, and GRji

kE, are regarded as the
evaluations of them. And the mean of them is the evaluation QEji

k of k level ser-
vice. Where GRji

kB is obtained as Eq. (3), and then GRji
kD, GRji

kJ, and GRji
kE are

calculated like Eq. (3). CBji
k and CDji

k are the conformity of bandwidth bwkl
ji ; bwkh

ji

h i

and delay dlkl
ji ; dlkh

ji

h i
to bandwidth request [BWi

l, BWi
h] and delay request [DLi

l, -

DLi
h]. They can be calculated by Eqs. (4) and (5), where a is a constant. And

conformity CJji
k and CEji

k are calculated like Eq. (5).

BSk
ji ¼

1
2 ðbwkl

ji þ bwkh
ji Þ �min

j

1
2 ðbwkl

ji þ bwkh
ji Þ

max
j

1
2 ðbwkl

ji þ bwkh
ji Þ �min

j

1
2 ðbwkl

ji þ bwkh
ji Þ

ð1Þ
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DSk
ji ¼

max
j

1
2 ðdlkl

ji þ dlkh
ji Þ � 1

2 ðdlkl
ji þ dlkh

ji Þ

max
j

1
2 ðdlkl

ji þ dlkh
ji Þ �min

j

1
2 ðdlkl

ji þ dlkh
ji Þ

ð2Þ

GRkB
ji ¼

min
i

min
j

BSk
ji � BSk�

i

���
���þ 1

2 min
i

max
j

BSk
ji � BSk�

i

���
���

BSk
ji � BSk�

i

���
���þ 1

2 min
i

max
j

BSk
ji � BSk�

i

���
���

ð3Þ

There are four coefficients -i
B, -i

D, -i
J, and -i

E representing the importance of
bandwidth, delay, delay jitter, and error rate, respectively, and -i

B + -i-
D + -i

J + -i
E = 1. They are assigned by access network providers according to

application types. CQji
k is the suitability of QSji

k to the QoS requirements of ATi

type applications, and CQji
k = -i

B � CBji
k + -i

D � CDji
k + -i

J � CJji
k + -i

E � CEji
k . In

summary, SQji
k = QEji

k � CQji
k is the QoS satisfaction of a user for the k level

service which is provided by access network j to ATi type application.

CBk
ji ¼

bwkl
jiþbwkh

ji

2 � BWl
i

BWh
i � BWl

i

0
@

1
A

a

ð4Þ

CDk
ji ¼

1
2
� 1

2
sin

p

DLh
i � DLl

i

dlkh
ji þ dlkl

ji

2
� DLh

i þ DLl
i

2

 !
ð5Þ

Apart from the QoS satisfaction model, there are other evaluating indicators
defined as follows. SPtij is the satisfaction of a user for the price of an access
network. If spji

k B WPti, SPtij ¼ 1; otherwise, SPtij ¼ 0. SRtj is the satisfaction of a
user for an access network provider. If NPtj 2 PPt, SRtj = 1/x2; otherwise, SRtj = 0,
where x is the order number of NPtj in PPt, and 1 B x B |PPt|. If the velocity of a
terminal is high at current, an access network with larger coverage should be
selected to decreasing the number of handoffs. Oppositely, if the battery capacity of
a terminal is low at current, an access network with smaller coverage should be
selected to decreasing the power of receiving and sending to extend terminal
working time. SVtj is the velocity satisfaction of access network j to terminal t. If
CVt \ CVh, SVtj = 1; if CVh B CVt B HVj, SVtj = 1/y2; otherwise, SVtj = 0.
Where y is the order number of access network type NTj in NTS sorted by the
coverage from high to low, and 1 B y B |NTS|. SBtj is the battery capacity suitability
of access network j. If RBt B RBth, SBtj = 1/(|NTS| - y)2; otherwise, SBtj = 1.

To make users and access network providers achieve the win–win situation, the
game analysis is used in this paper. In the game analysis, a terminal and an access
network play the game. And the payoff matrices of the terminal and access net-
work are TG and NG, as Eqs. (6) and (7), where the rows of the matrices show
willingness and unwillingness of a terminal in turn, and the columns of the
matrices show willingness and unwillingness of an access network; the minus sign
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shows the lost payoff; the penalty factor, s[ 1, shows that it would have negative
effect in future if one side refuses to accept the other. If tgu�v� � tgu�v ^ ngu�v�

� nguv� , {u*, v*} is a pair of policies which can achieve Nash equilibrium of the
terminal payoff and access network payoff, where u*, v*, u, v = 1, 2.

TG ¼
WPti � spk

ji WPti � spk
ji

�s � ðWPti � spk
jiÞ �ðWPti � spk

jiÞ

" #
ð6Þ

NG ¼ spk
ji � sck

ji �s � ðspk
ji � sck

jiÞ
spk

ji � sck
ji �ðspk

ji � sck
jiÞ

" #
ð7Þ

In this paper, a coefficient matrix K = [k1…k5] expressing the relative
importance of factors is utilized, and the factors include QoS requirements, service
prices, access network providers, terminal velocities, and terminal battery capac-
ities, where

P
i=1
5 ki = 1. The value of ki, is assigned by access network providers.

An evaluation matrix Gtij ¼ ½SQk
ji SPtij SRtij SVtij SBtij�

T and a control coefficient
X are introduced. And X expresses the influence on the utilities of both sides. If they
achieve Nash equilibrium, X = 1; otherwise, 0 \X \ 1. If terminal t transfers to
access network j, the terminal utility uutij ¼ X � K � Gtij � ððWPti � spk

jiÞ=WPtiÞ, and

the network provider utilitynutij ¼ X � K � Gtij � ððspk
ji � sck

jiÞ=spk
jiÞ; otherwise, both

are 0.

3 Algorithm Design

3.1 Species and Initialization

Assume that S is the total number of individuals, and P is the number of popu-
lations. The mth population is PSm, so that S =

P
m=1
P PSm. According to the sizes

of populations, populations are divided into the building population, advantage
populations, and disadvantage populations. The building population is the most
representative one of a species, and its size is larger than all advantage popula-
tions. There are many advantage populations and disadvantage populations in a
species, and the sizes of advantage ones are much larger than all disadvantage
ones. The populations are sorted by the sizes from high to low, then
|PS1| [ … [ |PSP|. Individual Imn of population m is a decision solution. So that
Imn is N dimensional code, Imn = (xmn

1 ,…,xmn
N ), where xmn

t is the tth dimension of
individual n in population m. Each dimension shows access network information
j and service level information k, and n 2 [1, PSm], t 2 [1, N], j 2 [1,M], k 2 SL.
The population initialization is a process of assigning an initial value to each
individual, where j and k from each dimension of each individual are randomly
assigned with the values of interval [1, M] and interval [1, |SLj|], respectively.
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3.2 Fitness Function and Forward Cloud Generator

If Vt((TASt ( NASj) ^ (WFt ( FRj) ^ (RSt B LSj) ^ (CVt B HVj) ^ ((ABj -

bwji
kh) C ABj

min)), handoff solution Imn is feasible, and the fitness function FTU-

N(Imn) =
P

t=1
N (1/uutj + 1/nutj); otherwise, FTUN(Imn) = + ?. Obviously, the

smaller the value of FTUN(Imn) is, the better handoff solution is.
ArForwardC(Ex, En, He) is the one dimensional forward cloud generator [10],

which is a mapping from overall characteristics of qualitative concept to quanti-
tative modality. The mapping is p: C ? P satisfying the following conditions:
H = {ps|Norm(En, He)}; X = {xs|Norm(Ex, ps), ps 2 H}; P = {(xs, ys)|xs 2 X,

ys ¼ e�ðxs�ExÞ2=ð2p2
s Þ; ps 2 Hg. Where Norm(l, d) is a normal random variable, l

and d are the expected value and standard deviation, and s 2 [1, S] is a cloud drop.
In this paper, ArForward(C(Ext, Ent, Het), C(Ext

0
, Ent

0
, Het

0
)) is the evolving model of

each dimension xmn
t .

3.3 Evolving Control Strategies and Termination Condition

Evolving control strategies which adjust entropy En and hyper entropy He to
control the evolving process includes the local search operation, local change
operation, and mutation operation.

In this paper, the elite individual is the best individual of each generation with the
minimum FTUNðImnÞ. If one individual is always the elite individual in consecutive
generations, it is called as an intergenerational elitist. If a new intergenerational elitist
appears, the current generation is called as a nontrivial generation. Otherwise, it is a
trivial generation. And the number of generations between two nontrivial genera-
tions is called as the number of consecutive trivial generations.

If a new intergenerational elitist appears, this algorithm may find a new extreme
neighborhood or approach for the previous extreme neighborhood. A local search
operation is needed. This operation reduces En and he to decrease the evolutionary
range and increase the stability, so as to increase the search accuracy and stability
for more rapidly searching the optimal solution of this extreme neighborhood. In
this paper, En and he are reduced to 1/K of the originals. And K called as the
evolutionary coefficient is much bigger than 1.

If the number of consecutive trivial generations achieve threshold THlocal, this
algorithm may fall into a local optimal neighborhood. It needs to jump out of this
small range, and try to search a new optimal solution round this neighborhood. The
local change operation raises En and he to increase the evolutionary range and
decrease the stability. In this paper, En and He are raised to L ¼

ffiffiffiffi
K
p� �

of the
originals, where L is the evolutionary mutation coefficient.

If the number of consecutive trivial generations achieve threshold THglo-

bal = THlocal + C1, this algorithm may fall into a local optimal solution and the
local operation does not work, where C1 is a constant. It needs to get itself off the
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guarantee of local and search a new extreme in the global range. In this paper, the
mean of some historical intergenerational elitist is regarded as the expectation Ex
of forward cloud generator; entropy En and hyper entropy He are adjusted suitably;
and the mutation operation is executed in all individuals of species.

If the number of consecutive trivial generations achieve threshold THend = TH-
global + C2, the intergenerational elitist does not change in C1 local change operations
and C2 mutation operations, where C2 is also a constant. So this algorithm has
converged to the Pareto optimum solution, and the evolving process ends; otherwise,
this algorithm does not terminate until it achieves the maximum of generation
denoted by THmax. Then, the elite individual is regarded as the optimal solution.

3.4 Algorithm Description

Step 1: Initialize the size of species S, the number of populations P, the
threshold of local search THlocal, the threshold of local change THglobal,
the threshold of termination condition THend, and the maximum of
generation THmax.

Step 2: According to Sect. 3.1, initialize the species. Then let the optimal
fitness of species FT�UN ¼ þ1, the current optimal fitness
FTUN ¼ þ1, the number of consecutive trivial generations ct = 0,
and the current number of generation et = 0.

Step 3: Make the terminal and access network of each dimension to play the
game, and determine the utilities of both sides based on cooperation
conditions.

Step 4: Calculate the fitness of each individual, assign the minimum of fitness
to FTUN, and et = et + 1. If FTUN �FT�UN , ct = ct + 1; otherwise,
FT�UN ¼ FTUN , and ct = 0.

Step 5: If et [ THmax, go to Step 10.
Step 6: If FT�UN ¼ þ1, initialize the species again, and go to Step 3.
Step 7: If ct [ THend, go to Step 10; if ct [ THglobal, execute the mutation

operation, and go to Step 9; if ct [ THlocal, execute the local change
operation; if ct = 1, execute the local search operation.

Step 8: Select P individuals with the minima of fitness from the current
individuals, and sort them by fitness from low to high. Regard them as
the parent individual of each population, and put them into each
population, respectively.

Step 9: Utilize the forward cloud generator to generate P subpopulations, keep
the size of each subpopulation, and go to Step 3.

Step 10: If FT�UN 6¼ þ1, regard the individual corresponding to FT�UN as the
handoff decision solution, successfully finish. If there is more than one
individual, randomly select one from them. Otherwise, there is no
solution, failed.
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4 Simulation Results and Discussions

With the help of NS2 (Network Simulator 2), this proposed scheme (Scheme 1) is
compared with the greedy algorithm-based handoff decision scheme [11]
(Scheme 2) and the QoS-based handoff decision scheme [12] (Scheme 3). We use
three hexagonal honeycomb topologies, set two kinds of user cases, and implement
300 times of experiments for 3, 5, 10, 20, and 50 terminals. The means are
regarded as results in Tables 1 and 2. All the summation utilities of three schemes
fall with the numbers of terminals increasing, but the downward trend and the
utility of Scheme 1 are slightly lower and higher. Because Scheme 1 aims to
maximize the utilities of both sides, Scheme 2 looks for the load balancing of
access networks, and Scheme 3 seeks the QoS satisfaction of users. So Scheme 3
has a higher performance of QoS satisfaction, but Scheme 1 is still better than
Scheme 2. Because QoS is the main factor of Scheme 1, but it is not the only one.
Scheme 1 has many more advantages than the other two in the other evaluating
indicators. And Scheme 1 takes reasonable time to search optimal solutions.

5 Conclusions

With the continuous developments of wireless access technologies and mobile
terminals, handoff decision schemes supporting the ABC concept have been the
main motive force promoting the development of wireless network. We make a

Table 1 Simulation results 1

User
number

Summation utility QoS satisfaction Price satisfaction Provider
satisfaction

1 2 3 1 2 3 1 2 3 1 2 3

3 0.679 0.365 0.446 0.236 0.164 0.277 0.788 0.614 0.585 0.801 0.487 0.465
5 0.643 0.287 0.362 0.232 0.158 0.247 0.769 0.634 0.575 0.721 0.474 0.434
10 0.616 0.259 0.326 0.221 0.156 0.235 0.762 0.575 0.541 0.686 0.466 0.402
20 0.587 0.224 0.259 0.202 0.145 0.231 0.716 0.565 0.529 0.665 0.462 0.355
50 0.562 0.212 0.259 0.192 0.137 0.224 0.677 0.506 0.473 0.616 0.403 0.322

Table 2 Simulation results 2

User number Velocity satisfaction Battery capacity satisfaction Running time (ms)

1 2 3 1 2 3 1 2 3

3 0.987 0.712 0.624 0.857 0.484 0.424 0.170 0.138 0.004
5 0.963 0.708 0.657 0.853 0.508 0.478 0.204 0.392 0.021
10 0.909 0.686 0.591 0.806 0.489 0.429 0.408 1.592 0.025
20 0.884 0.582 0.547 0.728 0.426 0.396 0.893 6.091 0.037
50 0.875 0.565 0.493 0.677 0.376 0.357 1.942 39.223 0.086
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close study of the factors influencing handoff decision schemes, and propose a
handoff decision scheme with ABC supported with the help of the game analysis
and the cloud evolution algorithm. This scheme takes into account of application
types, QoS requirements, service prices, access network providers, terminal
velocities, battery capacities and access network conditions, and realizes the
maximization of user utility and network provider utility. The simulation results
show that this proposed scheme has better performance compared with existing
schemes.
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