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Abstract—Long-term evolution (LTE)/LTE-advanced (LTE-A)
networks have recently introduced a data packet forwarding

scheme between evolved node Bs (eNBs) to reduce the signglin

overhead and the delay incurred in the data path switching
scheme which is a baseline handover scheme in LTE/LTE-
A networks. Even with the data packet forwarding scheme,
if the length of the forwarding chain is set inappropriately,
the data packet forwarding scheme suffers from the degraded
throughput. To attain the optimal handover performance in terms
of throughput and delay and reduce the signaling overhead, &
propose an optimized and distributed data packet forwardirg
scheme where the optimal length of the forwarding chain is
obtained by a Markov decision process (MDP). Also, a low-
complexity value iteration algorithm is devised to solve tle
optimality equation of MDP in a more practical manner. Real
trace-driven evaluation results demonstrate that the propsed
scheme determines the optimal length of the forwarding chai
adaptively to applications’ quality of service (QoS) requiements
and reduces the signaling overhead and delay while achiewgn
higher throughput in diverse environments.

Index Terms—Data packet forwarding, data path switching,
LTE/LTE-A, handover, Markov decision process (MDP), trace
driven evaluation.

I. INTRODUCTION

Recent report [2] predicts that mobile data traffic will hit a

annual run rate of34.4 exabytes by2017. More specifically,

a compound annual growth rate in the data traffic fro

node (MN) and LTE/LTE-A networks. A serving gateway (S-
GW) acts as a mobility anchor point when the MN moves to
another eNB. On the other hand, a mobility management entity
(MME) provides mobility functions such as paging, tracking
area list (TAL) management, and handover management. A
packet data network (PDN) gateway (P-GW) provides access
to PDNs by assigning an IP address to the MN and serves as
a mobility anchor point for 3GPP and non-3GPP handover.

In LTE/LTE-A networks, a handover procedure is generally
based on the data path switching [9]. When an MN moves
from a source eNB to a target eNB and establishes a radio
connection with the target eNB, the target eNB requests a
data path switching to the MME and the MN can receive
data packets through the optimal path (i.e., S-GW - target
eNB - MN). However, frequent data path switchings cause a
significant signaling overhead to core network entitiesoAl
since the delay for the data path switching is not negligible
the users’ perceived QOE can be degraded [15]. To solve these
problems, several works have been conducted [10]-[16]. For
example, a data packet forwarding scheme, where data gacket
are forwarded through an interface between two eNBs (i2., X
interface in LTE/LTE-A networks), does not involve any core
network entities (e.g., MME) and the handover management
can be locally processed. Therefore, the delay and thelsigna

Ijﬁug overhead to core network entities can be reduced. Haweve

fs the length of the data packet forwarding chain incréases

2012 to 2017 is 66 percent. Also, the number of personah ; f the d ket f di h d
devices connected to mobile networks 2§17 will exceed the performance of the data packet Torwarding scheme de-

10 billion [3]. To handle the mobile data explosion problemgrades due to the inevitable packet tunneling overhead. To

small cells will be densely deployed in future wireless/iteb sum up, there is a tradeoff_between the data path sw?tch?ng
networks and frequent handovers among small cells will l?é]d the data packet forwarding. When the data path swnchlng
experienced [4]-[7]. In order to improve users’ quality ofS conducted, the packets are delivered through the optimal

experience (QOE) and to mitigate the signaling overheéﬂu“ng path. Therefore, the throughput can be maximized

to core network entities under frequent handovers, efﬁcie?lnd the local traffic overhead can be reduced; however, the

handover procedures should be devised signaling overhead to core network entities increases haed t

Figure 1 shows a long term evolution (LTE)/LTE-advanceﬁe'ay owing to the data path sw!tchi_ng is expected. Me"?‘“””h.“
(LTE-A) architecture [8], [9]. An evolved node B (eNB) is awhen the data packet forwarding is employed, the signaling

base station providing a wireless connection between almotﬂverhe@I to_ core network entities and the delay for the data
path switching can be reduced at the expense of the non-
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optimal routing path. Therefore, the length of the forwagdi
chain should be maintained to attain the optimal handover
performance.

In this paper, we propose an optimized and distributed data
packet forwarding scheme in LTE/LTE-A networks. Specifi-
cally, the optimal policy between the data path switching an

1The data packet forwarding chain denotes the tunnel whidornstructed
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from eNB 2 to eNB 3 through eNB 5, the data packet forwardingirchs
constructed as follows: eNB 2 - eNB 5 - eNB 3.
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Rath and Panwar [10] proposed a proactive data multicast
scheme in which a set of candidate target eNBs is maintained
based on the radio signal measurement and the data is mul-
ticasted to all eNBs before completing a handover event to
reduce the service interruption time. On the other hand, Kim
et al. [11] proposed a data multicast method based on the
speed of the MN to avoid too early handover trigger for low-
speed MNs and too late handover trigger for high-speed MNs.
However, when the expected handover does not occur, the
multicasted data are simply wasted and thus unnecesstiy tra
overhead can occur in these schemes [10], [11]. &wd. [12]
proposed a reactive data bicasting scheme to reduce theg dela
during the handover by making relatively moderate modifica-
tions to the 3GPP handover procedure. In this scheme, since
the data bicasting is initiated after the handover, unrssags
traffic overhead does not occur while the signalling ovethea
to core network entities cannot be diminished. Pacifito
al. [13] introduced a fast data path switching scheme to
the data packet forwarding is formulated by a Markov deaisigeduce the handover delay. Specifically, the target eNB can
process (MDP). In the proposed scheme, the optimal policysend a data path switching request message immediatety afte
maximize the reward function is obtained by a low-complexithe handover command even when a handover confirmation
value iteration algorithm. Real trace-driven evaluatieaults messages is not received. However, the signalling overteead
demonstrate that the proposed scheme determines the bptipese network entities was not addressed in this scheme.
length of the forwarding chain adaptively to applications’ A few data packet forwarding schemes were also proposed
requirements and reduces the signaling overhead and défayl4]-[16]. Yanet al. [14] suggested a state-aware pointer
while achieving higher throughput in diverse environments forwarding scheme. A pointer forwarding chain between mo-

The main contribution of this paper is three-fold: 1) tdility anchors (MAs) is established to reduce the signaling
the best of our knowledge, this is the first work on theverhead for the data path switching by considering the
optimization of the data packet forwarding scheme by mea@igrrent mobility state of the MN in deciding whether the
of the MDP formulation. The optimal length of the forwardingorwarding chain should be prolonged or refreshed. @to
chain depending on the application’s quality of service $o al. [15] proposed two local mobility management schemes
requirement is obtained and then the handover performare., traffic forwarding with the cascading patd’§_CP)
in terms of the throughput and delay can be improved whighd traffic forwarding with the shortest patii' f_SF)). In
reducing the signaling overhead; 2) since the conventiahal 7F'_C P, only when the length of the forwarding chain is
gorithm to solve the MDP problem has high complexity whicemaller than a predefined threshold, the data packet fomgrd
is a major obstacle of applying MDP to practical systemé conducted. Otherwise, the target eNB triggers the déta pa
we introduce a low-complexity value iteration algorithmhel switching. On the other hand, i"/'_SP, the path lengths
devised low-complexity value iteration algorithm allows t Of the data path switching and the data packet forwarding are
solve the optimality equation of MDP in a more practicatompared and the target eNB chooses a shorter oneetee
manner; and 3) extensive evaluation results based on feintroduced a dynamic data packet forwarding scheme for
empirical data sets are presented and analyzed to assesd'@iwork-based distributed mobility management (DMM) [16]
performance of the proposed scheme. In the proposed scheme, forwarding chains are dynamically

The remainder of this paper is organized as follows. Relatégtablished among mobility anchors by defining a session-
works are summarized in Section Il. The comparison betwetthmobility ratio (SMR) that considers both the numbers of
the data path switching and the data packet forwarding isrgivsession arrivals and handovers. In other words, if the SMR
in Section 11l and the MDP for the optimized and distributeds higher than a predefined threshold, the data path swgchin
data forwarding scheme is formulated in Section IV. Finallpperation is conducted to reduce the forwarding (or tuniggi

real trace-driven evaluation results and concluding rémare overhead. Otherwise, the data packet forwarding is pegdrm
given in Section V and Section VI, respectively. to reduce the signaling overhead due to the data path switch-

ing. However, how to optimize the performance of the data

packet forwarding scheme (i.e., how to obtain the optimal

length of the forwarding chain) was not investigated in ¢hes
The data path switching causes a significant signalipgevious works.

overhead to core network entities and long delay. To resolve

these problems, several schemes were proposed in the litera |ll. DATA PATH SWITCHING VS. DATA PACKET

ture. These works can be categorized into: 1) enhanced data FORWARDING

path switching schemes [10]-[13]; 2) data packet forwaydin A handover message flow in the data path switching scheme

schemes [14]-[16]. is described in Figure 2. First, a source eNB decides a

Fig. 1. LTE/LTE-A network architecture.

Il. RELATED WORKS
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Fig. 2. Data path switching scheme. manner. However, when the session length is long in the data

packet forwarding scheme, a longer data packet forwarding
cgﬁin can be formed and significant forwarding/tunneling

handover through a channel measurement procedure with ) .
gverhead over the non-optimal route is expected.

MN (Steps 1-2). If the channel condition to a target eNB i
better than that to the source eNB, the source eNB decides

a handover to the target eNB by sending a handover reque$V. OPTIMIZED AND DISTRIBUTED DATA FORWARDING
message to the target eNB (Step 3), which in turn performs SCHEME

admission control for the handover request message. If th%pparenﬂy, the data packet forwarding scheme has pros
handover request is accepted, the source eNB receivegnd cons compared with the data path switching scheme.
handover request acknowledgement message and commangiSfrequent handovers, the data packet forwarding scheme
the handover to the MN (Steps 4-5). After that, the MNan reduce the signaling overhead to core network entities.
conducts synchronization to the target eNB. Meanwhile, thgywever, a long data packet forwarding chain can increase
source eNB sends a serial number (SN) status transfer nees3gg tunneling overhead and the delivery latency. Therefore
and data packets to the target eNB (Step 6). When the targd maximum length of the data packet forwarding chain
eNB receives a handover confirmation message from the MNould be determined to an appropriate value. In addition,
(Step 7), the target eNB sends a path switch request messagfé optimal length of the data packet forwarding chain can
the MME (Step 8). Then, the MME sends a user update requggtyaried depending on the application requirements ansl thu
message to the S-GW (Step 9), which in turn switches the dai@ application-aware approach in determining the optimal
path from the source eNB to the target eNB. On the other haR@lain length should be investigated. To this end, we forteula
an end marker message for releasing resource for the MNgi$ MDP mode with five elements: 1) decision epochs; 2)
sent to the source eNB (Step 10). Finally, the MN can receigytes; 3) actions; 4) transition probabilities; and 5)aels
data packets through the optimal path (i.e., S-GW - targ& eNcosts) [18], [19]. After that, the optimality equation aad

- MN). However, when the mobility of the MN is high, the|oy-complexity algorithm to solve the equation are introed.

significant signaling overhead for the data path switchiag ¢ |mportant notations for the MDP model are summarized in
occur. Also, since data packets are forwarded over the detgygpje |.

path (i.e., S-GW - source eNB - target eNB - MN) before the

optimal path is set, data packets through the optimal path ca o

be reached earlier than the data packets through the detBufP€cision Epochs

path. Therefore, out of order packet delivery can occur. InFigure 4 shows the timing diagram for the MDP model.
addition, the delay jitter for the first packet after the dagéah A sequencel’ = {1,2,3,..., E} represents the time epochs
switching may be large if the new path has long delay, whickhen successive decisions are made. A random varidhte

is particularly important in delay-sensitive applicaosuch the termination time of the session, which follows a geoietr
as WolP and multimedia service [15], [17]. distribution with mear /\; [20]. Random variableX; andY;

The above-mentioned problem can be mitigated by tlienote the state and the action chosen at the decision epoch
data packet forwarding scheme. Figure 3 shows a handover T, respectively. The duration of each decision epoch is
message flow in the data packet forwarding scheme. In theln the proposed scheme, an action (i.e., the data packet
data packet forwarding scheme, a target eNB does not séadvarding or the data path switching) is carried out onlyewh
any data path switching request message. Instead, a local
traffic forwarding chain is constructed to transmit datakets 2'I'_he ‘MDP model is a mathematical framework to model a decision

making in situations Wh_e(e outcomes are partially randompmt!ally qnder
between the source eNB and the target eNB for a ha”dow control of the decision maker. Thus, the MDP model isablét for
event. Therefore, data packets can be processed in a disttib determining the optimal chain length in the data packet éoding scheme.
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4
TABLE | The numbers of the selections and enumerations are given by
SUMMARY OF NOTATIONS. N . .
and M, respectively. Thermmnaz can be obtained by
- - M
Notation Meaning
Termination time of the session 1+ Nil N M i N #£1
Xy State at the decision epo¢h max = it \ M 4)
Y; Action chosen at the decision epoth 1, if N =1
Duration of each decision epoch . . .
. d Let F* be the vector representing théh possible forwarding
S State space . ko .
_ list. Then, F* is defined as
H Handover trigger phase state
F Forwarding list state FF = [fk, fx f3k, e fRT )
C Connection information state
A Action set wherel <k <maz, 1 <m <N —1,andf} (1 <7 <m)
— , is the identification of theth eNB in thekth forwarding list.
Py Probability that an MN moves from eNBto eNB j . . . k .
. : . m is the dimension of the vectaF”, which represents the
Tpp Unit traffic overhead to transmit a data packet . .
. . number of tunnels in the data packet forwarding chatfh
through the data packet forwarding chain 1 .
— — Note thatF' = [ | means that the MN is located at the eNB
Ts1 Unit traffic overhead to conduct the data path switching . L .
— . where a session is initiated. In other wordd, = [ ] is an
Dt Throughput sensitivity of the session . .
D Delay sensitivity of the session empty forwardmg list.
D On the other hand}' is described by
| X v, X, Vs Xes Yo X Ve c={ct,c*ck,..,cN} (6)
P N T P

where C* denotes the vector representing the connection
between eNB and other eNBs. Ther(;? is given by

Oi: [Ciacéacéa"'acév] (7)

Fig. 4. Timing diagram.

the MN performs a handover to the target eNB, and therefdiere c; represents whether eNB is connected to eNB,
no actions occur at the decision epochs without handowtd¢; is defined as

events. ; { 1, if eNB j is connected to eNB i
c. =
J

. (8)
0, otherwise.
B. States S .
] . For example, ifN is 5 and eNB1 is connected to eNB2 and
The state spac§ is defined as 3, O is given by|0,1,1,0,0].

S=HxFxC (1)
C. Actions
where I1 denotes the handover trigger phagedenotes the  \when the target eNB receives a handover confirmation
vector set of possible forwarding lists, aGdmeans the vector message (i.e.h = 2), the target eNB decides whether to
set that describes the connection information of each eNB &g a data path switch request message or not. Therefore,
the location of an MN. whenh = 2, the target eNB takes an action (i.e., the data
First, H can be defined as path switching or the data packet forwarding) based on the
H=1{0,1,2} @) current state information. The action set can be descrilyed b
o A ={PF,PS} wherePF and PS represent the data packet
whereh (¢ H) = 0 andh = 1 represent that the MN is forwarding and the data path switching, respectively.
in the non-handover trigger and the handover trigger phases
respectively. On the other hantd,= 2 refers to the situation D. Transition Probabilities
when the target eNB receives a handover confirmation messag® «iate transition of” can be done only wheh = 1. On
(i.e., the situation right after handover to the target eNB) the other hand, a state transition Bfcan occur wherh = 1
A forwarding list consists of eNBs that forward data packets ;, — 2, and the state transition of is affected by the
to the MN and thus the forwarding list can be changed eithgfosen actiom. That is, the transition probabilities 6f and
by data path switching or handover events. The vector set pfare affected byH. For a chosen action, the transition
possible forwarding listsf", is described as probability from the current state = [h, F*, ('] to the next
F = {F', p2, p3, . prmes 3) state,s’ = [h/, F¥', C9], can be described by
/ / k' |k Wal
wheremaz is the total number of possible forwarding lists. Pls'ls,a] = PIR'|P] x PIFT|F7, 0, h] x PIC?IC", ] (9)
When the total number of eNBs &, a forwarding list with The transition probability off can be derived as follows.
the length of M can be constructed by selectidd (< N) We assume that the residence time in an eNB follows an
eNBs amongV eNBs and enumerating the selecteleNBs. exponential distribution with meaty/ ;. Then, the transition
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probability fromh = 0 to h = 1 is given by A,7 [15]. and

Therefore, wherh = 0, the transition probability fronh to o 1 if CJ =
1’ is defined as P[CI|C" h=2] =< . (19)
| iR =0 0, otherwise.
P'h=0]={ AT iR =1 (10) ©On the other hand, whein= 1, the transition probability of”
0 ’ otherwise can be derived as follows. Whef}; denotes the probability

that the MN moves from eNB to eNB j3, the transition
Sinceh, = 1 means that the MN is in the handover triggeprobability P[C7|C?, h = 1] is obtained from

phase,h’ should be alway, i.e., the target eNB receives

a handover confirmation message. On the other hand, when PCI|CH b =1] = {
h =2, b’ should be alway$ since the handover procedure is

terminated. This derivation is reasonable because thaidaci

epoch is sufficiently short and thus no consecutive handover Reward and Cost Functions
events can occur. In short, the transition probabilitiesife- 1
and h = 2 are respectively summarized as

Py, if ¢ =1

: (20)
0, otherwise.

To define the reward and cost functions, we consider both
the network perspective and the user perspective. In tefms o

, 1, if A =2 the network perspective, the local traffic overhead and tine ¢
PI'[h = 1] = 0. otherwise (11)  traffic overhead can be taken into account to define the reward
’ and cost functions. On the other hand, in terms of the user
and perspective, the throughput and the delay jitter are censal
1. i H =0 to represent the reward and cost functions. To sum up, the
P[h'|h=2] = { 0’ . (12) total reward functiony(s,a), can be defined as
, otherwise.
When h = 0, F cannot be changed. Therefore, r(s,a) = wirn(s, a) + (1 —wi)ru(s, a) (21)
P[F¥|F*,a,h = 0] is simply given by where r,,(s,a) and r,(s,a) are the reward functions with
) 1 if ¥ — p* respect to the network and user perspectives, respectively
P[F¥|F* a,h = 0] = { ’ . (13) (0 <w; < 1) is a weighted factor to adjust the importance of
0, otherwise. the network and user perspectives.
When h = 1 and an MN moves from eNB to eNB j, First, r,(s,a) can be expressed as
" A . A k&
the transition probability is determined by*. If F'* has an ra(s, @) = wa frr(s,a) — (1 — we)gor(s, a) 22)

element; (i.e., the current forwarding chain includes eNB
4), F¥ includes all elements of** ahead ofj while the wheref.r(s,a) andgor(s,a) are the reward function due to
element; and the elements behindare deleted. For example,the reduction of the local traffic overhead and the cost fonct
if F¥ =[2,5,1] and the MN moves to eNB, F*' is given by due to the core traffic overhead, respectively(0 < w, < 1)
[2]. On the other hand, if’* does not have the elementF*" is a weighted factor to decide the importance between theg loc
can be obtained by adding the eleméta F*. For example, if traffic overhead and the core traffic overhead. Since thd loca
F* =1[2,5,1] and the MN moves from eNB to eNB6 (i.e., traffic overhead is proportional to the number of tunnels,
i =3 andj = 6), F¥ is given by[2,5,1,3]. Consequently, fr7(s,a) can be defined as
the transition probability of" whenh = 1 can be formulated m x Tpp, if a = PS, h=2
as (14) and (15) at the top of the next page, wherandm’ frr(s,a) = { 0 |

. ; / . , otherwise
are the dimensions af* and F'*', respectively. On the other
hand, wherh = 2, F*' is decided by the chosen action. If thevhereT'rr is the unit traffic overhead to transmit a data packet
chosen action isPS, F* is alwaysF!, i.e., the forwarding through the data packet forwarding chain. On the other hand,
list becomes empty. Meanwhile, if the chosen actioris, three additional control messages are needed to condutaa da

F is not changed. Therefor®@[F*' |F* a,h = 2] is given by path switching as shown in Figure 2. Hengey (s, a) can be

(23)

L P o defined as
P[F¥|F* . a = PS,h=2] = { 0 ;therwi_se (16) (5.0) = 3xTsy, if a=PS, h =2 (24)
’ goris:a) =1 o, otherwise
and
- . whereTs; is the unit traffic overhead to conduct the data path
P[F¥|F* o = PF,h=2] = { Lot i jF (17) switching.
0, otherwise. The reward function with respect to the user perspective can

SinceC is changed only when the MN moves out the culbe written as
rent eNB,C is not affected whe = 0 or h = 2. Therefore,

P[CY|C?, h = 0] and P[C7|C', h = 2] are respectively given ru(s;a) = wsfr(s,a) = (1 = ws)gn(s,a) (25)
by where fr(s,a) and gp(s,a) are the reward function on the
o L if i =i user throughput and the cost function on the delay jitter,
PIC?|C" h = 0] = { ’ . (18) . .
0, otherwise 3P;; can be obtained from the empirical data.
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PlfE = Y = fh o fh =ilFF ah=1]=1, if ¢, =1 and j ¢ FF

, (14)
P[F¥|F* a,h =1] =0, otherwise
and
Pl = fE Y = o fE = fRIF o, h=1]=1, if i =1 and fF, ., = (15)
P[F¥|F* a,h =1] =0, otherwise.
respectivelyws (0 < ws < 1) is a parameter to weight the Incoming packet
user throughput and the delay jitter. Since the degradatior step1 | step 2
throughput is proportional to the number of tunneis(s, a) Caleulating
can be def'ned as (i'e"IS'Ah) ——— Generate FC state
| mx Dy, if a=PS,h=2
fr(s,a) = { 0, otherwise (26) He=0

where D denotes the throughput sensitivity of the sessic l
Dy can be set depending on the application type. For exam| Hett Parameter setting
for throughput-sensitive applications (e.g., HTTP and FBP | I

large value ofDr can be set. Meanwhilgyy (s, a) is defined
as MDP algorithm
(VIA)

_ [ Dp, ifa=PS,h=2 Yes l
gp(s,a) = { 0, otherwise (27)

where Dp is the delay sensitivity of the session. For dela
sensitive applications (e.g., VoIP and multimedia strea)i
a large value ofDp should be used.

Make C, and F, states Optimal policy

Fig. 5. Low-complexity value iteration algorithm.

G. Low-complexity value iteration algorithm

Let v(s) be the maximum expected total reward when the Generally, a value iteration algorithm (VIA) can be used to

initial state iss. Then,v(s) can be described as [18] solve _the optimality equation and tq obtain the optimalq:_y)li
Each iteration of VIA is performed i (|A||S|?) where A is

the action set and' is the state space [20], [21]. The state
space in our MDP model consists &f, C, and F.. The size
where v™ (s) is the expected total reward between the fir&if C' is proportional to the number of eNBs (i.&V) as shown
decision epoch and the last decision epoch when the policyn (6). Also, the size ofF" is decided byN as shown in

with an initial states is given.v™ (s) can be obtained from [18] (4). Since there are a lot of eNBs in LTE netwdfki all
eNBs in LTE networks are considered in VIA, high complexity
EE {ZT(XMK)}

of VIA is inevitable. This long iteration time is a major
t=1

F. Optimality Equation

o(s) = max v (s) (28)

v (s) = ET (29)

obstacle of applying MDP to the practical systems [23]. Due
to this reason, we introduce a low-complexity value itenati
where ET represents the expectation with the policyand algorithm as shown in Figure 5. The low-complexity value
initial states. E'r denotes the expectation with the respect titeration algorithm reduce€’ and F' state spaces which are
the random variablé’. As mentioned before, since the termiimain contributors in increasing the complexity of VIA in our
nation time of a sessior¥, follows a geometric distribution MDP model. Reducing the state space is conducted by two
with mean1/\;. Thereforep™(s) can be rewritten as [20] steps: 1) making the reduced vector set on the connection
- information of each eNB and the location of an MN (denoted
V™ (s) = ET {Z (1= A (X, Yt)} (30) by C.) and the reduced vector set of possible forwarding lists
t=1

(denoted byF,.), which is represented b$tep 1in Figure 5;

2) generatingF'C' state, which is represented IStep 2in

where (1 — ;) is a discounter factor in the MDP model andsigure 5.

0<(1-Xs) <L Since the number of eNBs that an MN moves across with
Finally, the optimality equation is given by [18] an ongoing session is limited, eNBs far from the current eNB

can be excluded in the state space to reduce the complexity.

4As reported in [22], the number of eNBs managed by SKT, whicthe
largest cellular network operator in South Korea, is abidt.

v(s) = max {r(s,a) + Z (1- /\S)P[S’|s7a]v(s’)} . (31)

€A
“ s’eS
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In other words, only sufficiently close eNBs to the currerfor s € S is conducted to obtain the near optimal
eNB are considered to mak&. and F,. states. LetH. be the policy £. Note that the policy that satisfies the optimality
expected maximum number of handovers that the MN moveguation in (31) becomes the near optimal poligy,i.e.,
across with an ongoing session. To derilg, P, is defined _ / /

as the probability that the MN moves acrdseNBs during §s) = arg X r(s,a) + 526: (1= A;)Pls']s, alu(s’)

the session duration time. If the residence time and théasessT herefore, we can obtain the near optimal policy and the
duration time follow exponential distributions and theieams €xpected total reward from Algorithm 1.

are estimated by the central system in a statistical ma2dér [
P, can be easily obtained by [25]. If the summation i&f
from k = 0to kK = H, is equal to or larger than a pre-defined 1

Algorithm 1 Value iteration algorithm.

H. Setv’(s) = 0 for each states. Specifye > 0, and set
thresholds (i.e., > P, > ¢) and¢ is sufficiently large, it is kE=0.

k=0 . k+1
likely that the MN conducts handovers no more thidn for 2: For each stats, computev™*=(s) by

most sessions. Thereford,. can be defined as vRHL(s) = max {T(s, a)+ > (1= Xs)P[s|s, a]vk(s’)}
a S/es
i 3 I [[oFFL(s) — v*(s)]] < eXs/(2(1 — )As)), go to step 4.
H,. = arg;nln (Z Py 2 6) (32) Otherwise, increasg by 1 and return to step 2.
k=0

4. For each state € S, compute the stationary optimal policy
wherearg min( ) returns the minimum argument satisfying - , K1l
the given inequality. £(s) = ar%éiax r(s:a)+ 52635(1 = As)Pls'ls, alv™ (s)

When H. is given, only eNBs that the MN can move with  and stop.
handovers less than or equalify can be included in the state

space. Therefore, the number of handover candidate eNBs,  Note that when the state space is reduced, handover events

can be defined by exceedingH, cannot be considered and thus the expected
H, total reward of the low-complexity VIA may be different
N,=n (U Kf) (33) from that of the original VIA. However, such disparity can
k=0 be sufficiently mitigated by adjusting the threshaeldwhich

wheren(S) returns the number of elements of the Seand Will b€ €laborated in Section V-A.

K* denotes the set of eNBs that an MN can move Wwith

handovers from the initial eNB. V. REAL TRACE-DRIVEN EVALUATION RESULTS
With N., C, can be expressed as For performance evaluation, we compare the proposed
C = {C},Cf,Cf’,...,C,{VC}. (34) scheme, Sy pp, with the following four schemes: 1¥pgs

where the target eNB always conducts the data path switching
Also, when the number of eNBs is limited kY., the total 2) Spr where the data packets are always forwarded through

number of forwarding listsjnaz., can be defined as the forwarding chain, 3p'x—» where the target eNB conducts
Ne-1/ N the data path switching only when the forwarding chain Iengt

)1+ > ( ¢ >M!, if N.#1 exceed<2, and 4) Sx—3 where the target eNB conducts the
Mate = . iz \ M N -1 (35) data path switching only when the forwarding chain length

exceeds3 [15]. Default values of weighted factors (i.ev;,
Then, F,., is described as wsy, and ws) are set to0.5. We consider both throughput-
1 2 13 maz. sensitive and delay-sensitive applications. For througthp
Fr =y B By BP0 (36) sensitive applications (i.e., data sessiaf); and D are set
Note that F, is constrained byC,. When the current stateto 3 and1, respectively. On the other hand, for delay-sensitive
of C,, C?, is decided, the elements &t. includingi cannot applications (i.e., voice sessionf)r and Dp are set tol
be the current state. For example, when the current stateaisl3, respectively. It is assumed that the average number of
C}l, i.e., the MN is in eNB1, the elements off,. such as hops between the eNB and the S-GW @swhich is based on
F! =[1,2] and F/ = [1], wherei andj are arbitrary integer 3GPP specification [15]. Based on the Ethernet specification
numbers, cannot be the current states. By considering ttiie data packet size and control packet size are séb18
correlation,C, and F, can be integrated to one state spadeytes and64 bytes, respectively. By considering the packet
FC to further reduce state spacgtep 2 in Figure 5). FC  size and the average number of hopsy is set t02.37 (i.e.,
denotes the vector set of integratifiy and C,., which can be 1518/(64 x 10)). Also, Ts; is normalized ad.
described as To derive the handover-to-session ratie= A\, /s, we use
FC = {FCY, FC?, FCP,.. FCNre) (37) the datas_et in [26J that contains 142 da}ys of m_obile phone
- ’ ’ v records (i.e., session and cell transition informatiorge -
where FC* denotes the vector set representing ttie inte- ically, the handover-to-voice session ratja,, is computed
grated state andV;. is the total number of elements &fC. 5 . o o
For throughput-sensitive applications and delay-semsifipplications, a

Finally, the parfameters_ (i.ew, wa, w3, Dp, and Dr) large value ofD7 and D should be used to indicate application character-
are set and VIA in Algorithm 1 wher¢lv|| = max[v(s)] istic, respectively.

0018-9545 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://lwww.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation informe
10.1109/TVT.2015.2432152, IEEE Transactions on Vehicular Technology

TABLE |I operation8 Note that when the delay-sensitive application is
Nec AND Py, considered, the negative effect by the data path switchamg,(
delay jitter) is more significant. On the other hasd;pp and
Spr are rarely affected by the increased number of handovers

Sessiontype| & | H. | Py

) ) 07 ] 0 | 0749 since data packets are forwarded over a locally established
Voice session| 09 | 1 | 0.9659 forwarding chain. In additionS,;pp follows almost the same
095] 2 | 09969 actions asSpg since the data packet forwarding is beneficial
S o7 | 2 | ors4r in increasing the total reward. On the other hand, siHgds
Data session) 09 | 5 | 0.9919 set to2 for the voice session (i.e., delay-sensitive application)
095] 6 | 0.9981 Sk—s does not conduct anyS actions and thusx_; has
the same expected total reward 8sr in delay-sensitive
applications.

as O'.296 whereas the handover-to-data session ratig, is Figure 6(b) shows the expected total reward as a function
obtained ad.71. Also, the network topology (e.g., the number . " ;

- . ' of the discount factor,1 — \y), for throughput-sensitive appli-
of eNBs and the connectivity among eNBs) is configured._..
cations. It can be shown that the expected total rewardd of al
based on [26]. In the dataset [26], the number of eNBs &hemes excelpr increase as the discount factor increases
3510. Also, P;; is set by counting the number of handover CE '

between eNB and eNBj. 7 is set tol sec. The default value _?h|s can be explaln(_ed as follows. When the s_,lmulatlon time
) . : ; . : is long, morePS actions can be conducted. Since mat#
of ¢ is 0.95 and ¢ in the value iteration algorithm is set to

0.001. On the other hand, since the results for effectpfs actions can further increase the throughput by optimizimg t

L . data packet delivery path, longer simulation time provides
andTs; are similar as the results @i and D p, respectively, more %x ected totalyrtfwaréis Mgeanwhi&p does notpcon—
the results for effect of pr andTs; are not depicted. P ) e

duct anyPS actions and therefor8p is independent of the
increased simulation time and does not have any reward br cos
A. Effect ofé (i.e., the expected total reward 8f - is always0). Also, it can
The low-complexity VIA is based on the observation thate seen that the expected total reward'ofpp is comparable
the number of handovers is bound ff. in most cases. If to that of Sps when (1 — A;) is 0.9 ~ 0.95. On the other
handovers more thai/, occur, the accuracy of the low-hand, when1— ;) is 0.96 ~ 0.99, the expected total reward
complexity VIA can be affected. Therefore, we need to shoef Sy;pp is almost the same as that 6fc—-. This can be
that the accuracy of the low-complexity VIA is sufficientlyexplained as follows. When the average data session daratio
high. To this end, we define the probabiliy that the number is short (i.e.(1—)\;) is 0.9 ~ 0.95), only few handover events
of handovers at each decision epoch is less than or equabtzur during the session time and thus the target eNB always
H.. Intuitively, higher P, represents that the low-complexityconducts the data path switching to obtain higher throughpu
VIA has higher accuracyP, can be calculated as follows.in throughput-sensitive applications. In other words,csin
Since the average session duratioh/i&,, the average numberhandover events rarely occur, the signaling overhead te cor
of decision epochs during the session duration is given bwtities due to the data path switching is not quite high even
|1/(As7)| where| | is the floor function. On the other handwhen the target eNB always conducts the data path switching.
the occurrence probability of handover at each decisioclepdvieanwhile, when the average data session duration is long
is A7 by (10). Consequently?’, can be computed as (i.e., (1 — A;) is 0.96 ~ 0.99), more handover events occur.
H. Therefore, the signaling overhead to core entities due ¢o th
P, = Z < U/()’\ST)J > (/\m’)i (1— /\hT)U/(/\ST)H. (38) data path switching can be _sigr_lificant if the target eNB abwvay
¢ conducts the data path switching. Thi$s;pp conducts the
data path switching when the forwarding chain length exseed
2. Interestingly, when more frequent handover events are
considered, i.e., whefl — ;) is 0.99 ~ 0.999, it can be found
that Sy;pp outperforms all other schemes apparently. This
is becauseSy pp always conducts appropriate and adaptive
actions regardless of the number of handover events whereas
other schemes follow the static actions.

=0
Table Il showsP, under different values ob and H..
As shown in Table II, whery is set to a sufficiently high
value (e.g.,0.9 or 0.95), P, is adequately large. In other
words, handovers more thdii. rarely occur when is larger
than 0.9. Meanwhile, whery is 0.7, P, is relatively small,
which indicates that the low-complexity VIA has unfavombl
accuracy. Therefore, the default valuejok set t00.95 in the
following results.
C. Effect ofw,

B. Effect of(1 — ) From Figure 7, it can be seen théf;pp operates adap-
Figure 6(a) shows the expected total reward as a functiontiyely even when the weighted factar,, is changedl When

the discount factor(1 — )\,), in delay-sensitive applications.w: is small (i.e.0 and0.2), the expected total reward &f/ pp

Note that a larger discount factor refers to longer simafati

time [20]. Therefore, the ex_pected total r_ewards NS S{{ZQ is not shown well in Figure 6(a).

and Sk=2 decrease as the discount factor increases due_ Osince there are no special tendenciesvasand ws are changed, we do

the increased number of handovers and data path switchiginclude these results.

5Due to scale of y-axis, the decrement of the expected totahrck of
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D. Effect of Dp
The effect of Dp is shown in Figure 8. A9 p increases

is the same as that &f» . This is because small, represents (i.€., the application becomes more sensitive to the detag)
that the core traffic overhead affects more significantlyh t cost for the choseS action also increases. Therefore, the
expected total reward than the local traffic overhead does.axpected total rewards &y pp, Sps andSk—, decrease as
such a situation, the rewarfl.r(s,a) is relatively smaller Dp increases. However, sinéd,pp does not choose thes
than the cosifcr (s, a) if the PS action is chosen. Therefore,action whenD, is large, the expected total reward $f;pp
Sypp always chooses th@F action for smallws. On the is larger than that obpr. On the other hand, sincgrs and
other hand, whem, is 0.4, the data packet forwarding andSkx=2 do not take the delay sensitivity of the application into
the data path switching provide more total rewards when teensideration, the expected total rewardsSefs and Sx—»
forwarding chain lengths are and?2, respectively. Therefore, decrease continuously regardless of the delay sensit¥itye
Sypp chooses the?F and PS actions when the forwarding application. In addition, sincéx—» chooses les$’S actions
chain |engths arel and 2, respective]y_ Consequenﬂy, thethan Spg, the reduction ratio of the expected total reward of
expected total reward ofy;pp is almost the same as thatSk=2 is smaller than that obps.

of Skx—o. Meanwhile, whernw, has a large value (e.qo,6,

0.8, and 1), the PS action always gives more rewards andr- Effect ofDr

less costs, and thuS,,;pp conducts the data path switching From Figure 9, it can be shown thaf),pp operates
in most cases. adaptively asDr is changed. Since increasitg;r means that
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g. 9. Expected total reward v&) (Dp = 2).

11
the application is more sensitive to the throughput, thearew [

increases when thES action is chosen thanks to the optimal
data forwarding path. Therefor&;,;pp chooses thé>S action [12]
when Dr is large. On the other hand)r = 0 means that the
throughput is not considered at all and ttfijgp » chooses the
PF action whenDr = 0. When theDr is setto 1 or 2 (i.e., (13]
the sensitivities to the delay and throughput are compeajabl
Sypp has the same policy &k —-. This is because thPF  [14]
action and thePS action give more rewards (or less costs)
when the forwarding chain lengths ateand 2, respectively. |15
Meanwhile, whenDr is large (i.e.3, 4, and5), Sy;pp always
chooses thePS action for higher throughput.
[16]
VI. CONCLUSION

In this paper, we proposed an optimized and distributed data
forwarding scheme. To find out the optimal policy between
the data path switching and data packet forwarding, W¥]
formulated MDP in which the reward and cost functions in
throughput/delay-sensitive applications are defined il
respect to the network/user's QoE. Also, a low-complexitys8]
value iteration algorithm is devised to solve the optinyadihd
therefore we believe the proposed scheme can be applied to
practical systems. Real trace-driven evaluation res@taah- [20]
strate that the proposed scheme can increase the expeteted to
reward compared with other schemes and can achieve the
adaptive performance optimization. In addition, we showdd]
that the proposed scheme can adaptively set the optimal
forwarding chain depending on the application types (i.g22]
throughput/delay-sensitive applications). In our futwerk, [23]
we will extend the proposed scheme to reflect the local and
core network traffic loads and evaluate the performanceef 4]
extended scheme in terms of mobile traffic offloading. Also,
we will investigate how to extend the proposed forwardin@s]
scheme under high vehicular mobility.

19]

[26]
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