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Abstract Heterogeneous wireless networks (HWNs) have aroused numerous interest in
the past few years in which efficient vertical handoff algorithms are currently attracting
much attention. This paper takes into account the vertical handoff decision algorithm in
HWNs where multiple types of services with different priorities are supported. By mod-
eling the vertical handoff process as a Markov decision process, a new reward function is
introduced which consists of both quality of service profit and handoff cost. Meanwhile in
the proposed reward function, multiple network parameters are included for a compre-
hensive evaluation of the network utilization. Moreover, considering multiple services with
different priorities, an online dynamic bandwidth reservation scheme is proposed based on
large deviation principle. This scheme, by estimating possible bandwidth request in future
time slots, reserves the bandwidth resource adaptively in advance such that the call
blocking probability as well as handoff dropping probability can be guaranteed to be within
an admissible range. Simulation results show that the proposed vertical handoff decision
algorithm can decrease the expected handoff number by about 15-22 % and significantly
increase the expected total reward compared with existing results.
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1 Introduction

Wireless networks have experienced great success in the past decades which have totally
revolutionized the world of communications. Compared with wired networks, wireless
networks are capable of providing more freedom to mobile communications, though
meanwhile some new challenges arise such as higher latency, lower bandwidth and higher
burst error rate. Taking the cellular network, the traditional homogeneous wireless network
as an example, due to the mobility of users and the limited coverage of base stations or
access points, mobile terminals (MTs) may demand the cooperation of several base stations
to accomplish a continuous voice service process. During this process, MTs have to decide
whether the connection should use the current base station or switch to another base station
for continuity. Nowadays with the development of network access technology and in-
creasing demands of service types, highly integrated HWNs [1-3] come into stage which
provide better and more comprehensive services. Figure 1 shows an example of typical
HWNs consisting of 3G/4G cellular networks and the IEEE 802.11 wireless local area
networks (WLAN). Compared with the traditional homogeneous wireless network in
which services are coupled with certain network access technologies, HWNs support more
comprehensive services such as video, voice and file transfer protocol (FTP) etc. It can also
provide ubiquitous coverage and high quality of service (QoS) provisioning of applica-
tions. A key issue that aids in providing seamless connection of services is vertical handoff
decision algorithm, that is, the ability to make correct decisions at any time whether to
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Fig. 1 A schematic diagram of HWNs
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carry out vertical handoff or not, meanwhile to choose the appropriate candidate wireless
access network with the best performance. Differing from horizontal handoff in traditional
homogeneous wireless network where continuity of service is the main consideration, the
purpose of vertical handoff in HWNSs is to pursue better QoS guarantee for users although
extra handoff cost may be included. Therefore for the design of vertical handoff algorithm,
how to choose appropriate handoff criterion is the primary problem which can determine
whether and how to perform the handoff.

Recently lots of effort has been made to the criterion designing of vertical handoff
algorithm in HWNs. For example, a vertical handoff algorithm is developed in [4]
where a parameter named signal to interference and noise ratio (SINR) is proposed as a
unique criterion to determine whether to trigger vertical handoff or not. This algorithm
inevitably leads to frequent handoffs due to the fact that MTs always connect to the
wireless network with the best SINR, and such frequent handoffs will decrease the
performance of HWNs consequently. To improve the performance, [5] introduced a
vertical handoff algorithm based on both analytic hierarchy process (AHP) and SINR. In
this algorithm, more than one network parameters are taken into account such as re-
quired bandwidth, handoff cost and available bandwidth of the participating access
networks. By mapping these parameters of each single network into a vector, the
characteristics of HWNs are then described by a matrix composed of these vectors. Next
a weight vector for network parameters is given via AHP method. Finally multiply the
matrix by weight vector, then the performance vector is thus obtained. Based on this, a
new criterion is developed where network with the largest value of performance vector
will be the candidate network for handoff. The above mentioned vertical handoff al-
gorithm mainly focuses on single service type in HWNs although the performance
criterion may contain one or several parameters. However in reality, multiple services
with different priorities take a larger proportion in HWNs. For multiple services, Cheng
et al. [6] put forward an optimal vertical handoff mechanism called guard-channel-based
incremental and dynamic optimization algorithm. In this work, channels are reversed
according to different priorities of multiple service types and the available resource is
thus different for each type of service. A newly-arrived call is accepted only if the
available resource for this service type can meet the resource demand of this call. The
criterion of such algorithm contains only bandwidth and fails to fully consider more
factors such as delay, handoff cost and mobility of MTs, etc. To overcome the above
disadvantages, some researchers adopted multiple attribute decision making [7], game
theory [8, 9], adaptive fuzzy logic [10] and genetic algorithm [11] where multiple
network parameters are included in criterion. Although experimental results show ef-
fectiveness, these algorithms are hard to be applied in practical environment due to high
complexity. Actually the wireless network environment does not vary abruptly in most
cases, and thus a vertical handoff algorithm based on Markov decision process (MDP)
was proposed in [12] which reduced the complexity greatly. The criterion includes
multiple parameters such as delay and network bandwidth. However, the different pri-
orities of multiple services are still not considered in handoff algorithm. In such cases,
valuable network bandwidth may be occupied by services with low priorities since first-
come first-serve mechanism is adopted in HWNs. Consequently, traditional bandwidth
reservation scheme will have disadvantages because all the reserved bandwidth resource
is available to services despite of their priorities. To deal with this, new bandwidth
reservation scheme should be established in which bandwidth should be reserved con-
cerning with priorities. In a word, a new vertical handoff algorithm is demanded for
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HWNs in which different priorities of multiple services as well as various network
parameters should be taken into account.

Motivated by this, we propose an optimal vertical handoff decision algorithm for
multiple services with different priorities in HWNs. In our model, the vertical handoff
decision problem can be formulated as an MDP. And the reward function of MDP consists
of both QoS profit and handoff cost where multiple network parameters are included. In
addition, a novel dynamic bandwidth reservation scheme is proposed taking into account
different priorities. This scheme records the bandwidth request of all services over certain
time slots in each candidate wireless network, and then the bandwidth request in the future
time slots can be estimated. Via this estimation, multiple thresholds are set such that
various bandwidths are reserved for different priorities. Moreover, the probability that
actual bandwidth request in future time slots will exceed the pre-set thresholds can be
ensured to be smaller than a desired value. The main contributions of this paper lie in the
following three aspects:

(1) An optimal handoff decision algorithm is proposed for multiple services with
different priorities in which a unified criterion is introduced as a tradeoff of both
QoS profit and handoff cost. Compared with existing achievements, multiple
network parameters are contained in the criterion for a comprehensive evaluation of
network utilization, e.g., time delay, relative received signal strength and available
bandwidth.

(2) Due to multiple services with different priorities, we propose an online dynamic
multi-threshold bandwidth reservation scheme. By measuring the occupied band-
width of different services over certain time slots, the possible bandwidth request of
multiple services are estimated for the future time slots with the application of Large
Deviation Principle. And multiple thresholds can be set consequently based on this
estimation. Moreover, these thresholds are dynamically adjusted with the periodical
variation of network load.

(3) For the optimization of handoff criterion, MDP model is applied for the vertical
handoff decision. By classifying the possible network parameters into several
discrete sets, the dimension of state space is greatly reduced and the complexity of
algorithm is largely decreased.

The rest of this paper is organized as follows. In Sect. 2, the concerned vertical handoff
decision process in HWNSs is modeled as an MDP, and an optimal vertical handoff decision
algorithm is proposed based on this model. Section 3 proposes an online dynamic multi-
threshold bandwidth reservation scheme based on Large Deviation Principle where dif-
ferent priorities of multiple types of services in HWNs are considered. Numerical
simulations as well as comparison with existing results are presented in Sect. 4. Finally, a
short conclusion is drawn in Sect. 5.

2 MDP Model and Vertical Handoff Decision Algorithm

In this section, we introduce the MDP model and the corresponding handoff decision
algorithm. For simplicity, we will not take into account the different priorities of multiple
services, i.e., the bandwidth is available to all the services despite of different priorities.
The problem concerning about the multiple services with different priorities will be dis-
cussed in Sect. 3.
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2.1 MDP Model

Suppose an MT moves across certain areas with M co-located wireless networks as shown
in Fig. 1, and each wireless network has total C', (i = 1,2, ..., M, C' € Z) basic bandwidth
units. The MT can perceive information such as available bandwidth, the average time
delay and the relative received signal strength from wireless networks when the MT locates
in the coverage area of these networks. If the MT switches from one network to another, it
will achieve better QoS but cause extra signaling switching cost and handoff cost. A new
criterion should be proposed to evaluate this handoff process which takes into account both
QoS profit and handoff cost.

The vertical handoff decision process can be described by a finite state, infinite horizon
MDP model [13]. The MDP model consists of the following five elements: (1) decision
epochs; (2) states; (3) actions; (4) transition probabilities; (5) rewards. The MT can make
handoff decision at each time epoch ¢, (t = 1,2, ..., N) as shown in Fig. 2, and the interval
of two epochs is set as a fixed time interval 7. For a certain decision epoch ¢, the state of
MT is defined as s;, and the MT can take an action a, € A = {1,2,...,M} based on the
current perceived information from wireless networks where A is an action set. The state s,
includes available bandwidth, time delay and the relative received signal strength of all
candidate networks in HWNSs, and s, € S with S as the state space. When an action a, is
taken with state s,, the MT get an instant reward r(s;, a,) at this epoch, and then transfers to
next state with the transition probability P(s,;1|s, a,). The MT repeats the handoff decision
process at each decision epoch to continue the session until the MT terminates its session at
time epoch N, here N is a random variable since each session may last different time slots.
In this vertical handoff decision process, all the actions over the time interval [0, N]
compose a policy & = (ay,az, .. .,ay).

For simplicity, let s denote the initial state at first decision epoch ¢ =0, and v"(s)
denotes the expected total reward along [0, N] with the decision policy 7. And there is

EN{Z”(Snat)}:| (1)

t=1

v"(s) = ET

We assume that at each decision epoch, the MT continues to keep the connection with
probability 4, and terminates the connection with the probability 1 — 4. It’s easy to infer
that random variable N follows a geometrically distributed with mean 1/(1 — 1), repre-
sented as

P(N=n)="""(1-1) 2)

Then, Eq. (1) can be represented by an infinite-horizon MDP with a discount factor A as
follows:

(s,a) (s5.4) (s,a) (sa) 0 (S000,) (8y0.0,) (854.ay)

I R I N B | I N

0 1 2 3 4 N-2 N-1 N

Fig. 2 Time series of MDP model
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0" (s) _E;f{i " (s, a) 2" (1 —/1)} (3)
=1

n=l t

Our objective is to find an optimal MDP policy n* to maximize the expected reward
function v*(s). That is to say, v™ (s) > v™(s) holds for all = € IT where IT is the possible
policy space. In next subsection we will introduce the mapping between parameters in
HWNs and in MDP model.

2.2 Parameter Description in MDP Model

Considering the vertical handoff decision algorithm in HWNss, the state space S composes
of states from current and candidate handoff network. For a comprehensive evaluation of
network utilization, S includes the corresponding priority of the service, the available
bandwidth, the time delay. Since the relative received signal strength [14] is an important
indicator for the QoS, it is also included in the criterion of our model. And the state space S
is then expressed as following:

S=MxKxB'xD'xP' x---xB xD x P

4
x - x BM x DM x pM “)

where symbol x denotes the Cartesian product, parameter M denotes the set of available
candidate networks, and K denotes the service types. B', D' and P (i =1,2,...,M),
represent the available bandwidth, time delay and the relative received signal strength of
the each network i in HWNs respectively.

Obviously, the available bandwidth, time delay and the relative received signal strength
of networks will have huge number of possible values, and this will cause the curse of
dimensionality consequently. To reduce the size of state space S, all the values of available
bandwidth, time delay and the relative received signal strength are classified into several
classes. The available bandwidth of network i can be represented as follows:

B = {b\,b5,....b } i=1,2,...M (5)

) Y max

Here b} <b) < --- <b£,mx take values in integer sets. b’i represents the class of minimum
available bandwidth and b! _represents the class of maximum available bandwidth pro-
vided by network i.
Similarly, the delay and the relative received signal strength of network i can also be
expressed via a discrete set as following:
D ={d.,d,...d } i=12...M (6)

) max

and

Pi:{p’i,p;,.,.,pi,lax} i=12,...M (7)

where d! <d, < ---<d —and pi <pi<--- <p! _take values in integer sets. d! repre-
1 2 P1<P> Piax g 1 rep

max
sents the class of minimum time delay and d' , represents the class of maximum time in
network i, while pi and p! _ represent the class of minimum and maximum relative
received signal strength of network i respectively.
Considering service k of MT which is currently connected to network m, its state can be

expressed by vector s = [m, k,by,dy,p1,...,by,dy,pu]- If the service k makes vertical
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handoff decision, i.e., takes an action a, it receives a QoS profit f(s,a) and consumes
handoff cost penalty. The QoS profit f(s,a) can be defined as:

f(s,a) = wpfs (s, a) + wafa(s, a) + wpfy(s, a) (8)

where f,(s,a) denotes the bandwidth profit function, f;(s,a) denotes the delay profit
function and f,(s,a) denotes the relative received signal strength profit function; wj, w,
and w), represent the weight factors for bandwidth, delay, and the relative received signal
strength, respectively. The weight factors above are subject to wp, + wy + wys =1 and
0<w,<1,0<wy <1, 0<w, <1. Weight factors can be selected according to the rela-
tive importance of network parameters.

In this paper, the bandwidth profit function f} (s, a) is defined as follows:

ba - bm
bl ba > bm7
maxiea jizm(bi — by)
f;,(s,a) = 07 ba = bm7 (9)
- ba - bm
( ) b, <b,,.

miniEA,iyém(bi - bm) ’

In the above bandwidth profit function f} (s, @), b,, represents the available bandwidth class
which is provided by currently connected network m, and b; represents the available
bandwidth class provided by candidate network i in HWNs. b, € {b1,ba, ..., by} repre-
sents the possible available bandwidth class if action «a is taken.

For the delay profit function f;(s,a), its defined in another way as follows [9]:

1’ 0<da SLD:
Up —d,
fd(S,Cl) = u7 LD<da<UDa (10)
Up —Lp
0, d, > Up.

Here the constants Up and Lp in (10) represent the maximum and minimum delay class.
d, € {d,dy,...dy} represents the possible time delay class if action a is taken.

And the relative received signal strength profit function f,(s,a) is given similar to the
bandwidth profit function as follows:

Pa — Pm
sy Pa > DPm,
MaxicA,izm (pl _pm)
fp(s,a) =< 0, Pa = Pm (11)
—WPa — Pm
(P ) Pa<Pm

minieA,i#m(Pi _pm) ’

where p,, represents the relative received signal strength class which is provided by cur-
rently connected network m, and p; represents therelative received signal strength class
provided by candidate network i in HWNSs. p, € {p1,pa,...,pu} represents the possible
relative received signal strength class if action a is taken.

Now we consider the handoff cost. During the vertical handoff process, it will incur extra
signaling switch cost and handoff delay cost, therefore the handoff cost function g(s,a)
include two parts: signaling switch cost function g..y(s,a) and handoff cost function
8delay(s,a). The former reflects the complexity of signaling load incurred by exchange in-
formation with other wireless networks at the network layer when vertical handoff is
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performed [15]. And the latter, i.e., handoff delay, can result in packet loss that will lead to
degradation of service quality [16]. Here geoy (s, @) and ggeiqy (s, @) are given by

KmA ) a # m?
gcoxt(s: a) = { “ (12)
0, a=nm.
and
O, 0 <da/ <dmin7
_ dmax - da/ !
gdelay(sv a) = 4 _d. Apin <dy' <dpax, (13)
max — @min
1, dy' > dpax.

where K,, , is the normalized signaling switch cost from the current network m to network a.
And there is K, , = Ky, evidently. d,’ represents the handoff delay when action a is taken
by the MT. d,,,, and d,;, are the maximum and minimum thresholds of the handoff delay,
respectively. It is desired for the connection of service when the handoff delay is smaller
than d,,;,. If the handoff delay is between d,,,;, and d,,.., the connection can be considered to
be acceptable. However, when the delay exceeds d,,,, the quality of the connection of the
service is unacceptable. Obviously the smaller d, is, the less 8delay(s, a) will be.

Combine the signaling switch cost and handoff delay cost together, we get the total
handoff cost function g(s,a) given as

g(S, a) = O(gwst(sva) + (1 - (x)gdeluy(sva) (14)

where 0 <o <1 is the weight factor and it can be selected according to the relative
importance of signaling switch cost and handoff delay cost.

In MDP model, the handoff criterion is the tradeoff between profit function f(s,a) and
handoff cost g(s,a), thus we define reward function r(s, a) as:

r(s,a) :f(saa)_g(saa) (15)
Considering a certain service k at decision epoch ¢ in network j, the current state is
s =[j,k,b1,d1,p1,- .., by,dy,pu), the probability function of transferring from current

state s to next state s’ = [j, k, by, dy,pi, ..., bj,,,d;{,hp;{,,] is given by

0, j#a

Due to the fact that the different wireless networks are using different wireless access tech-
nologies and managed by different operators in co-coverage area, the probability function of
the bandwidth, delay and the relative received signal strength in each wireless network will be
independent reasonably. And according to Eq. (16), the transition probability of state in
HWNs can be represented by the combination of transition probabilities of each network. It
can be easily concluded that the state transition probability in HWNs only depends on the
current state and action instead of the previous states, so it keeps the Markovian property.

m=M ’ ’ , .
Pbm7dm7 mbmydnﬁ mjy = b
P($/ls,a) = {Hml (s A, Pnlbms Ao P, = (16)

2.3 Optimal Vertical Handoff Decision Algorithm

Now let v(s) denote the maximum expected total reward with respect to initial state s. That
is to say
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v(s) = maxzev™(s) (17)

And according to [11], the optimality equation is given by

() = max,ea{r(s,a) + Z AP(s'|s,a)v(s")} (18)
s'es
There are several algorithms to solve the optimization problem in (18) such as value
iteration algorithm [11], action elimination algorithm and policy iteration algorithm etc.
Here we adopt the value iteration algorithm (see Algorithm 1) to find a stationary ¢ optimal
policy.

Algorithm 1 The Value Iteration Algorithm

1: For each v | specify ¢ >0, and set n =0 .
2: For each s € S, calculate v™11(s) by

0" (s) = mazgea{r(s,a) + Z AP(s'|s,a)v(s")}

s'es

3: If || o™ i(s) — v™(s) |lx< (1 — A)/2), go to step 4. Otherwise increase n by 1 and
return to step 2.
4: For each s € S,choose the following policy

6(s) = arg Teaj\v{r(s, a) + Z AP(s'|s,a)v(s)}
s’'eS

and stop.

In the value iteration algorithm, the norm function || - ||« is defined as || ||, =
max|v(s)| for s € S, and the ¢ is a desired small value for the iteration ending.

Once the MT makes a vertical handoff, it will select the candidate wireless network with
the best handoff criterion r(s, a) to continue its connection. Among all the possible network
parameters which are included in the criterion for handoff, bandwidth is of the most
importance. However, the scarce bandwidth may be occupied by services with low pri-
orities since first-come first-serve mechanism is adopted in HWNs. To avoid this, band-
width should be reserved differently for services with different priorities. In next session,
we will introduce a dynamic bandwidth reservation scheme for multiple services with
different priorities.

3 Dynamic Bandwidth Reservation Scheme

In this section, we aim at establishing an online dynamic multi-threshold bandwidth
reservation scheme such that bandwidth can be reserved for services with high priorities.
By measuring the occupied bandwidth of different services over certain time slots, the
possible bandwidth request at the future Lth time slots can be estimated via Large De-
viation Principle. Based on this, multiple thresholds can be set. And we can guarantee that
the actual bandwidth requirements of the future Lth time slots for multiple types of services
will not exceed these thresholds in probability sense.
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3.1 Estimation Model of Future Bandwidth Request

Suppose that the HWNs support K different types of services and the priorities of these
services are set from 1 to K with K representing the highest priority. Assume that for each type
of service, the bandwidth request is the integer multiples of basic bandwidth unit (BU).

For each service, it has two possible calls: the new call and the handoff call, and we treat
them equally for simplification. If the wireless network i with total bandwidth C can
support K types of service, C' BUs can then be divided into K regions by thresholds from
h’1 to h; = C'. Here h};, k=1,2,...,K is the threshold for the kth service type between the
normal channels and guard channels.

These thresholds works as follows: Considering the threshold ki, if the occupied
bandwidth units is less than 4}, which means there are spare bandwidth units, service k can
be admitted as well as all the services whose priorities are higher than k. Otherwise, service
k and services with lower priorities will be declined. Only services with priority higher
than k may be admitted which depends on new circle of judgments. If the wireless network
only supports a part of the K types of services, the number of the thresholds corre-
spondingly decreases. Without loss of generality, we consider the K different types of
services division and the basic model of the proposed scheme is shown in Fig. 3.

For mathematical description, we use the K-dimension vector H(f) =
[ (1), (1), ..., Hi(1)] € RX to denote multiple thresholds in wireless network i and the
elements in this vector satisfy h’1 (1) < h’z(t) << hj((t), where the notation “’”denotes
the transpose of a matrix or vector and “=" can’t be held for all 4 (¢). If the “=" holds in
the inequalities for all hi(t), it means the wireless network only supports one type of
service and this case can be included in our discussion.

For K different types of services in HWNs, the occupied bandwidth in wireless network i at
time epoch  can be denoted by K-dimension vector W'(r) = [w/ (), wh (1), .. wi ()] € RX.
For simplification of further discussion, we define a new vector V'(f) = [vi(z),
Vi(1),...,vi(1)] € RE whose kth element is defined as vi(r) = S5, wi(s). It is
obvious that at any decision time epoch ¢, there is v} () <Vj(¢) < - - - <Vi(1).

For a given time epoch #, let A’(¢) € RX denote the increasing bandwidth request of the
K different types services which is caused by services arrival in time slot [t — 1,), and
Di(r) € R¥ denote the bandwidth releasing of the K different types of services caused by
service departure in time slot [t — 1,7). Thus the changing bandwidth in network i at time
epoch ¢ is characterized by

() = A'(r) = D'(r) (19)
and we have the bandwidth occupation at time epoch 7+ 1 as
Wi(t+1)=Wi(t) +TI(1) (20)

The bandwidth changing during the time interval [z, 7 + L) can then be expressed as

I (r) = Zi I'(t+1) (21)
=1

Considering the wireless network i, if the bandwidth is reserved appropriately, the current
reserved bandwidth resource at decision epoch ¢ will continue guaranteeing all the band-
width request over the future L time slots, which means:
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Vi) +T (1) < H (1) (22)

In above equation, operator “<” denotes that for all the elements in vectors V'(z), I"*X,
H'(1), there is vi(r) + iy (r) <hi() for k = 1,2,..,K
For simplicity, we define a mapping function ¥ : RK x R — R which is given as:

(VD) + I (r)  H (¢ H{\vk + I (1) — R (1)

- [Vk(l) 1) — ki (0)]}

Obviously, if inequality (22) establishes, there is ¥(V(¢) + I""*(z), H'(¢)) > 0 and this
function will be applied to judge whether enough bandwidth resource has been reserved for
the future L time slots.

According to function (23), there are two possible cases that will exist:

(23)

1) P(Vi(t) + I"E(¢),H (£)) = 0: In this case, there exists a certain service k whose
bandwidth request exceeds the pre-reserved bandwidth threshold vector during time
interval [t,¢+ L). The pre-reserved thresholds can not meet the bandwidth request
and therefore must be updated. Assuming that the arrival rate and departure rate are
constant during [£,7 + L), if we keep the current threshold H'(r) unchanged, there
may be a high probability that the blocking/dropping will happen. To avoid this, we
suggest the new thresholds set as:

H(t) — V(1) + 10D (24)

2) W(Vi(t) +1"E(r), Hi (1)) > 0: In this case, it means the threshold vector inequality
(22) holds. And the bandwidth request of the K different types of service during the
time interval [t,#+4 L) will be less than the corresponding reserved bandwidth
described by Hi(t). However, this does not necessarily imply that enough bandwidth
has been reserved for each time epoch during the future L time slots, i.e., for each

Fig. 3 Bandwidth thresholds in C=h

i
heterogeneous wireless networks
hi
K-1

hy
Service 3,...,K
h,
Service 2,3,...,K
h
Service 1,2,3,...,K
0
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time epoch ¢+ 11=1,....L, Y(Vi(t) + """ (¢),H(t)) > 0 does not necessarily
establish.
To make sure that inequality (22) stands for each time epoch during the time interval

[t,t + L), further restriction should be added. We define the average achievable bandwidth
increasing during the future L time slots as follows:

, H(r) — Vit
a'(t,L) = H () - V() (25)
L
and the (22) can be rewritten as
Ii.t+L(t) Hi(t) _ Vi(t)
26
< 3 (26)
Combined with Eq. (25), there is
Lo
I'(r+1 ;
IDERIGLN al(t,L) (27)
L
Hence, there is the following inequality establishing
L .
(It +1),1 .
T (Le+D.1) i 1) <(ai(1,L),1) (28)

where “(-,-)” is inner product of vectors and 1 = [1,1,...,1] € RX.

Next, let (A’(¢),1) € {0,1,...,54} denote the number of total bandwidth resource re-
quest of the K services arrival in time interval [t — 1, 7) of network i and s, is the maximum
total number of bandwidth request of the K services in time interval [t — 1,7). Let
(D¥(¢),1) € {0,1,...,5p} denote the number of total bandwidth releasing of K types of
services depart in time interval [r — 1,¢) and sp is the maximum number of bandwidth
releasing in time interval [r — 1, 7). Thus the bandwidth changing in time interval [r — 1, 1)

can be written as (I'(),1) € {—sp,...,—1,0,1,...,54}. And the bandwidth resource
overflow probability at time epoch (¢ + L)th can be characterized as
Lo
(It +10),1 .
prt _P<Z”< £+ L) <a’(t,L),1>> (29)

Here the calculation of overflow probability P'* is given as follows:

It’s obvious that arrival services and department services are independent, and thus
(A'(#),1) and (Di(#),1) (t = 1,2,...) are independent and identically distributed process.
Therefore (I'(¢),1)(t = 1,2,...) is independent and identically distributed random vari-

able, having a finite moment-generating function M(6) = Ee®TO.1) which is finite in a
neighborhood of 0. If

SE (FE+0,1)

7 (a'(1,1),1)

according to Cramés Theorem in the context of the large deviation principle [18], we
conclude

ﬁi@%logp<w > (al(1,L), 1>> — _A(@(0),1)  (30)

@ Springer



Vertical Handoff Decision Algorithm in HWNs 539

where
A((a'(1,L),1)) = ()Sli%{@i(hL)»l)@ —logM(0)} (31)
and
logM(0) = log{ :ZD Ty exp[x@]} (32)

Here 7, is the distribution of stochastic process (I'(¢),1)(t = 1,2,...,L), i.e., the prob-
ability of bandwidth changing.

Note that M(0) is a convex function, and the rate function of (31) is also convex. For
sufficiently large values of N, according to (30), the overflow probability is given by

P~ exp[—LA((a’(1,L),1)) (33)

For the appropriate reservation of bandwidth, a desired value Pg,s is introduced and the
calculated bandwidth resource overflow probability P"*L should not exceed Pg,s. If after
calculation, P will exceed Pgos which means no enough bandwidth has been reserved,
we should adjust the threshold vector H'(z) to lower the overflow probability P+

H(1+1) — H() + A (34)

where A = [8],85,...,0% ,,0%] € RK and &),k =1,2,...,K is the basic bandwidth re-
quest for the kth service. If not, Hi(t) remains unchanged.

Remark 1 When we calculate the bandwidth resource overflow probability P'*Z, the
information about the arrival service A’(r + L),/ = 1,2, ..., L and departure service D'(z +
L),l =1,2,...,Lisneeded, i.e., (I(t),1),t = 1,2, ..., Lis required for calculation of P"*~.
However, at time epoch ¢, we can only get the prior knowledge of I'(t —1),1 =1,2,...,L
and information of current epoch Ii(t). To deal with this, we propose a method based on
sliding window which uses the knowing I'(t — I),/ = 1,2, ..., L to substitute the unknown
(I'(#),1),t = 1,2,...,L such that P** can be calculated.

However, the probability distribution 7, is still unknown, and the following subsection
will show us how to estimate 7,. Based on this, detailed scheme for bandwidth reservation
is proposed via Large Deviation Principle.

3.2 Bandwidth Reservation Scheme Via Large Deviation Principle

According to Egs. (31) and (32), for the calculation of P'*Z, we should know (a(z,L), 1)
and 7,. Although we have suggested using I'(¢ — [) to substitute the unknown (I'(¢), 1),
there is no prior knowledge about 7., i.e., the probability distribution of (I'(¢),1). To solve
this, a method based on sliding window can be applied to estimate 7,.

At decision time epoch #, We can get the sequence of bandwidth changing given by
[(T(t—L),1),{T(t —L+1),1),...,(I(t—1),1)] which covers a window of L recent
information. Define the observation vector at time epoch ¢ as Win(t) = [(I'(t — L), 1),
(I'(t —L+1),1),...,(I'(t — 1),1)], and the sliding window moves forward as time ¢ goes
on. For time epoch ¢+ 1, the sliding window is Win(t+1) = [(I'(t — L+ 1),1),
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(I'(t —L+2),1),...,{I'(t),1)], now for each time epoch t, the parameter 7() can be
estimated by following ways:

Considering the slide window containing L time slots, if at certain slot /, the bandwidth
changing is x, i.e.,(Ii (1),1) = x, define an indicator function as,

(1) = { Lo TrO.0 = (35)

0, otherwise.

Let L, be a counting process which denotes the number of time slots when (I'(1),1) = x
happens during a sliding window, that is to say

L= Z;:t—LH (ch(l) (36)

And the frequency of (I'(I),1) = x over time interval [t — L + 1,#) can be given by

a(1) = — (37)

If we use the frequency G,(¢) as the probability function =, for the calculation of P'*L, this
may result in estimation error and 7w, may change un-smoothly. Thus we introduce a
forgetting factor p (0 < p <1) to smoothen 7, as follows:

(1) = pg.(t) + (1 — p)7e(t — 1) (38)

Remark 2 According to the theory of probability, when the scale of the sliding window L
is large enough, the frequency converges to probability. However, if L is taken too large, it
will be difficult for information storage and calculation. Hence, we should set L as an
appropriate value. Also the forgetting factor p can balance the influence of current data and
past data. In [19], the range of p is from 0.7 to 0.9.

Finally, the online dynamic bandwidth reservation scheme based on Large Deviation
Principle is summarized in Algorithm 2.

Algorithm 2 The Bandwidth Reservation Scheme Via Large Deviation Prin-
ciple
Input:
Initialize C*  Hi(t) A ;
Calculate the at the t-th time slot: a*(t, L)  W(V(t) + I»*TE (1), HY(t))  7;
Output:
S If U(VE(t) + IDTE () = 0 then HY (1) «— V() + IVPTE(1)
else
: Calculate Pt+L
If P'tL < Pg,s then
H(t) unchanged
else
Hi(t+1) — H(t)+ A
end if
end if
t — ¢t + 1 and return (Input)

QL XA AW

—_

In Algorithm 2, the history information about bandwidth changing can be obtained and
recorded as time goes. Based on these information, the possible bandwidth request in
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future time slots can be estimated and multiple thresholds for bandwidth reservation can
then be set. This scheme ensures that P"*%, the overflow probability in future time slot, can
be less than a desired small value Pg,s. With this scheme, bandwidth resource can be
reserved appropriately which takes into account different priorities of multiple services.

4 Simulation Results and Discussion

In this section, we evaluate the performance of our proposed vertical handoff decision
algorithm for multiple types of services with different priorities in HWNs and illustrate the
performance by numerical examples. Our simulation environment, which is implemented
in MATLAB, consists of a heterogeneous wireless network comprising three WLANs and
several adjacent cellular networks. The cellular system covers all the object area seam-
lessly, while the WLAN is settled only in the “hot” area selectly. The experimental overlay
structure is shown in Fig. 4.

We denote network 1 as WLAN and network 2 as cellular network, respectively. In our
simulation environment, the coverage radius of the base station in cellular system and the
access point in WLAN are 1000 and 100 m, respectively. For computation simplification,
without loss of generality, we only focus on two types of services, namely, voice service
and data service. The voice service is subjected to real time type of service and has fixed
bandwidth requirement, while the data service is subjected to none-real time type of
service and requires a range of variable bandwidth. It’s obvious the priority of voice

Fig. 4 The voice and data service in WLAN
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service is prior to data service. Actually, the data connection would be served only when
there’s bandwidth left. For simplicity, we let the voice service contain two priorities,
namely voice; and voice,, and the data service contain only one priority. We assume the
requested bandwidth for a data connection is random, and takes value from O to 2 band-
width units. The user connections in hot area or other area are randomly generated with a
poisson process and the life time of a single connection subjects to exponential distribution.
The arrival rate in hot area is three times than that in other area. Due to the mobility of
users, there exists a certain probability that the MTs move out of the coverage area of
current network. Thus in this situation, a vertical handoff may be carried out. The values of
parameters used in simulation are summarized in Table 1.

For the network service providers, they pay most attention to reducing the new call

blocking probability to obtain more profits and handoff call dropping probability to im-
prove the users’ service experience. We compare our work with the approaches revealed in

Table 1 The simulation parameters In HWN

Notation Parameter definition Value
T The interval time of decision epoch 10°s
Ky, =Ky, Handoff signaling cost 1
C! The capacity of WLAN 40
C? The capacity of cellular system 50
Wyt gt w, Weight factors 0.2:0.4:0.4
o Weight factor 0.6
H! (1) The initializing of threshold vector in network 1 [25 35]'
H(r) The initializing of threshold vector in network 2 [20 35]/
Poos The desired overflow probability 1074
£ The desired stop value 103
bl The request bandwidth of data service in network 1 0-2 BUs
b The request bandwidth of data service in network 2 0-2 BUs
b} The request bandwidth of voice; service in network 1 1 BU
b3 The request bandwidth of voice; service in network 2 1 BU
b} The request bandwidth of voice, service in network 1 1 BU
b% The request bandwidth of voice, service in network 2 1 BU
L The length of sliding window 100
p The forgetting factor 0.8
. The arrival rate of voice with priority 1 at ordinary/hot area 0.2/0.6 call/s - km?
A,y The arrival rate of voice with priority 2 at ordinary/hot area 0.2/0.6 call/s - km?
Ad The arrival rate of data service at ordinary/hot area 0.1/0.3 call/s - km?
u The mean lifetime of single connection 100 s
P The probability an MT needs a handover among cells during one 0.01
interval
P The probability an MT needs a handover between cell and WLAN  0.05

during one interval
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recent years [11, 20-24]. Here Figs. 5 and 6 illustrate the blocking dropping probability of
voice traffic in WLAN and cellular network, respectively. According to Fig. 5, in WLAN,
the dropping probability of voice; with the handoff call type is lower than that of voice,,
and so does the new call. This is due to that the priority setting of voice; is prior to that of
voice,. The similar situation can also be found in Fig. 6. These two figures show that the
proposed dynamic bandwidth reservation scheme can fulfil the bandwidth request of ser-
vices of different priorities. By comparing the two figures, it’s easy to find that the
blocking/dropping probability of different services in cellular system is larger than that in
WLAN, this is because the MTs in the collocated coverage area can access to both WLAN
and cellular network, while the MTs in other area have only one choice, i.e., cellular
network.

The optimal policy n* of MDP is computed by implementing value iteration algorithm
and the state space S is 8 — D. To plot the MDP policy, d,, d», p1, p» are all set to
constants. Figure 7 shows the structures of the optimal policy of voice; for the current state
s=[1,1, b}, 2,0.5, b%, 2,0.7] where the discount factor 4 is 0.9, i.e., the average connection
time is 100s. Given a fixed value of b} (e.g., b{ = 4), the optimal policy chooses network 1

Fig. 8 Structure of the MDP
optimal policy on the available
bandwidth when
s=[1,1,b},2,0.5,0%,2,0.7]
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Fig. 9 The expected number of handoff call of voice,

@ Springer



Vertical Handoff Decision Algorithm in HWNs 545

90
’
// R
= 80 |- based on MDP PR AS
s | | VHDA l’»@“
% 70 | (== SAW P y
< - - =BAN v ;
5 60} JF ]
— 2
5 A
o S
E 50 L. . Vi ‘\l\ -
> V4 {
S 40 ‘e
3 -l
3 -z
© 30t e Tials :
b P 4\:‘\\'\:‘—' lllll >
w 20 goi i
L Pt 1
PR
b T ;

10 I i I I I I
0.9 0.91 092 093 094 095 09 097 098
Discount factor

Fig. 10 The expected number of handoff call of voice,

100

based on MDP

60 |-

50 |

40t

Expected total reward

30 |

20

} srergrerer=ryr—E (e~

10 i i i i i i i
0.9 091 092 093 094 095 09 097 098
Discount factor

Fig. 11 The expected total reward of voice service with priority 1 and priority 2 in HWN

if bé <2, and selects network 2 if b% > 2. Figure 8 shows the structures of the optimal
policy ©* of voice, for the current state s = [1,2,b7,0.5, b3,2,0.7).

In order to evaluate our proposed vertical handoff decision based on MDP algorithm
conducted in HWNs, we compare results with BAN algorithm [11], SAW algorithm [20]
and VHDA [21], which are typical decision algorithms discussed in the literature recently.
The SAW algorithm selects the network based on the available bandwidth, the relative
received signal strength and the average delay, the BAN algorithm always selects the
wireless network which can offer the maximize available bandwidth, and the VHDA
considers related parameters and applies rule-based system for vertical handoff decision.

Figures 9, 10, 11 and 12 show the expected number of handoff and the expected total
reward of voice; and voice, under different discount factor /, respectively. When A varies
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Fig. 12 The expected total reward of data service in HWNs

from 0.9 to 0.98, the corresponding expected connection time varies from 100s to 500s. It
obviously shows that the proposed vertical handoff algorithm, compared with other
methods, can achieve the most expected total reward as well as least numbers of handoff. It
can be seen from the performance figures that the expected handoff number can be de-
creased by about 15-22 %.

5 Conclusion

In this paper, an optimal vertical handoff decision algorithm is proposed for multiple
services with different priorities in HWNs. Considering the different priorities of services,
we propose an online dynamic bandwidth reservation scheme based on Large Deviation
Principle. This scheme is by using the history data of sliding window to estimate the
bandwidth request in the future, and to keep the bandwidth overflow probability less than a
desired value. Besides an optimal vertical handoff decision problem is modeled as an
MDP, where the criterion of the reward function takes into account both QoS profit and
handoff cost. This criterion consists of multiple network parameters and provides a more
comprehensive and unified evaluation of the vertical handoff. Simulation results show that
the proposed vertical handoff algorithm based on bandwidth reservation scheme not only
decreases the expected handoff number by about 15-22 % than the existing algorithm e.g.,
SAW, BAN and VHDA, but also ensures the high utility of HWNs.
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