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ABSTRACT During mobile edge computing, due to the movement of nodes and the exhaustion of node
energy, link failure occurs thus reducing the network lifetime in the mobile ad-hoc network. When the route
fails, because the single-path protocols need to restart the route discovery process, the delay of the network is
greatly increased. Therefore, the multi-path routing protocol is proposed, saving the cost of route discovery.
In this paper, we propose an ad hoc on-demand multi-path distance vector (AOMDV) routing protocol based
on link lifetime and energy consumption prediction (named LLECP-AOMDYV) for mobile edge computing.
In the route discovery phase, the energy grading strategy is adopted. When the node energy is lower than the
threshold, it no longer participates in the route discovery. In the routing selected phase, the path is selected
based on the lifetime of the route link and the minimum energy consumption of the route. According to energy
consumption, packet delivery rate, end-to-end delay performance indicators, we evaluate the comparison
results. The result shows that under most network performance indicators and parameters, the proposed
LLECP-AOMDYV is superior to the other three protocols, which improves the network lifetime, reduces the
node’s energy consumption and the average end-to-end delay. The protocol is very useful for mobile edge
computing.

INDEX TERMS Mobile edge computing, MANET, AOMDYV, energy threshold, link lifetime, energy

consumption.

I. INTRODUCTION

During mobile edge computing, the mobile ad hoc Network
(MANET) is a collection of self-organizing, self- configuring
and self-maintaining mobile hosts. It is a special wireless
network that does not depend on any infrastructure or central
management [1]-[3]. In recent years, due to its stupendous
potential in military battlefields, emergency relief and civil
applications, MANET has been a research hot-spot [4]-[7].
Dynamic topology, unstable links, limited energy, and lack
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of a fixed infrastructure are characteristics of MANET com-
pared to wired networks. In MANET, the computing power,
storage capacity, and battery power of the nodes (which are
these mobile communication devices (such as mobile phone,
iPAD, PDA, Laptop, and other mobile terminals)) are termi-
nate. These features pose great challenges to routing protocol
design [8]-[10]. The network model is shown in Figure 1.
Routing has two operations. One is to discover the best route.
The other is to transfer the packet. Therefore, routing plays
a crucial role in wireless communication [11]-[15]. With-
out any infrastructure, it is not realistic to communication
directly. Therefore, cooperation between nodes is required,
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FIGURE 1. Example of network model for mobile edge computing.

and multi-hop routing is adopted, in which an intermediate
node is used as a relay to transmit a data packet from a source
node to a destination node [15]-[17].

In MANET, as the battery energy is exhausted, the link is
broken. Therefore, the lifetime of the network is affected by
the energy of the mobile node (which is the mobile commu-
nication device (such as mobile phone, iPAD, PDA, Laptop,
and other mobile terminals)). So the routing protocol should
take into account the energy of the mobile node to extend
the lifetime of the network and ensure the connectivity of
the network [18]-[20]. Through some techniques, the energy
consumption is reduced by applying the energy-aware pro-
tocol. By employing this power- aware routing protocol,
various path selection algorithms are studied to improve the
energy efficiency in MANET [21]-[22].

When the node moves, the topology changes, and the
established link has the possibility of disconnection. The tra-
ditional shortest path algorithm needs to replace the original
link with other existing links or restart the route discovery.
In order to solve the link failure caused by the mobile, when
routing is selected, part of the routing protocol takes into
account the stability of the link. These routing protocols
predict the lifetime of the link by calculating the strength of
the received signal of the node or the relative mobility of the
nodes [23].

Compared with traditional single-path routing protocols,
multi-path routing can reduce network congestion by trans-
ferring traffic to other paths, thereby improving network
utilization and balancing network load. To a certain extent,
the reliability of the network is effectively improved [24].
Ad Hoc On-demand Multi-path Distance Vector Rout-
ing (AOMDV) is an improved multi-path protocol based on
the Ad Hoc On-demand Distance Vector Routing (AODV)
routing protocol, in which multiple paths are found between
a given source and destination node. There are two types of
disjoint path, the node-disjoint path and link-disjoint path.
In a node-disjoint path, except for the source and destination
node, there is no common node in the multi-path routing.
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In a link-disjoint path, there is no common link [25]. In the
process of selecting a path, only the hop count parameter is
considered, and the stability of the path is neglected. It is pos-
sible to make the selected path have the smallest hop count,
but the distance is distant or energy consumption is large,
increasing the possibility of link disconnection. Based on
AOMDY, we propose a multi-path routing protocol based on
link lifetime and energy consumption prediction for mobile
edge computing.

The rest of the paper is organized as follows: Section II
discusses the background of AOMDYV and existing research
for mobile edge computing; Section III introduces multi-path
routing protocol based on predicted link lifetime and min-
imum energy consumption for mobile edge computing;
Section IV discusses the results of the experiment and com-
parison for mobile edge computing; Section V concludes this
study and presents the future work.

Il. RELATED WORKS

In order to support for mobile edge computing, AOMDV
is an on-demand multi-path routing protocol. When a node
(which is the mobile communication device (such as mobile
phone, iPAD, PDA, Laptop, and other mobile terminals))
has a request to send, check whether there is a path to the
destination node in the route list at first. If there is no path,
a routing request is initiated. When one or more paths exist
to the destination, path selection is performed based on the
minimum hop count.

In the existing related research for mobile edge computing,
multi-path routing protocols are mostly improved for routing
selecting. In reference [26], Smail et al. proposed an Ad hoc
On-demand Multi-path Routing with lifetime maximization
(AOMR-LM). It utilized the residual energy of the node
to calculate the energy level of the node and protect the
node that has low energy. By analyzing the two parameters
of energy threshold and coefficient, the nodes are classi-
fied and the protection of the node energy is ensured. The
AOMR-LM protocol improves the performance of MANET
by extending the lifetime of the network. In reference [21],
Ageel Taha et al. proposed a multi-path routing protocol with
fitness function (FF-AOMDY). The fitness function is used to
find the optimal path from the source node to the destination
node to reduce energy consumption in multi-path routing.
In reference [27], Mahmoud M. Shawara et al. proposed an
energy-aware multi-path distance vector based on Ad-hoc
on-demand multi-path distance vector (EA-AOMDYV). In this
protocol, paths are selected based on their energy met-
rics rather than hop count metrics to minimize average
energy consumption and maximize network runtime. In refer-
ence [28], Akash Yadav et al. obtained the lifetime of the link
between two nodes by estimating the instantaneous velocity
and relative distance between the two nodes, and then poly-
merized them to find the duration of the path, which conduces
to choose a stable path in the multi-path protocol. In refer-
ence [29], an energy efficient node disjoint multi-path routing
protocol (E2NDjMRP) is proposed, and the shortest hop
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count and dynamic transmission range adjustment are used
to determine the main path and secondary path. E2NDjMRP
improves the overall performance of the network in terms of
power consumption, control overhead, and energy efficiency.
In references [30]-[38], Mahadev A. Gawas et al. proposed a
QoS aware weight based on demand multi-path routing pro-
tocol (QMR) to improve QoS. QMR is based on cross-layer
design, which collaboratively shares network state informa-
tion in different protocol layers while maintaining separation
of layers to improve overall network performance.

In the existing research for mobile edge comput-
ing [39]-[46], during the route discovery phase, on the one
hand, the residual energy of the node is ignored by most
methods, which increases the energy consumption of the low
energy node, so that the discovered route may be discon-
nected early. On the other hand, due to the movement of
nodes, the link is likely broken. Therefore, this paper will
optimize and improve the route discovery and route selecting
stages to balance the network load and prolong the network
lifetime.

lll. DESCRIPTION OF THE ALGORITHM

We proposed a new multi-path routing protocol called the
LLECP-AOMDYV routing protocol based on AOMDYV for
mobile edge computing. In the route discovery phase of
mobile edge computing, a hierarchical strategy based on
energy threshold is proposed. In the path selection phase,
the energy consumption required for data transfer and the
lifetime of the link are taken into account in our proto-
col. AOMDV has three control packets: Routing Request
(RREQ), Routing Reply (RREP) and Routing Error (RERR).

A. PRIORITY PATH SELECTION STRATEGY

In the traditional multi-path protocol for mobile edge com-
puting, the path is usually selected based on the minimum
hop count. However, the residual energy of the node and
the consumption of the path transmission data are neglected.
Ignoring the stability of the path, it is possible to make the
selected path with the minimum hop count, however the
distance is far or energy consumption is high, increasing
the possibility of link disconnection. Therefore, we propose
a priority path selection strategy in this part. When path s is
selected, the lifetime of the route and the energy consumption
of the route transmission data are comprehensively consid-
ered to extend the lifetime of the network and improve the
stability of the path.

1) ENERGY MODEL

In mobile edge computing based on MANET, when the
node energy is exhausted, the link will break. Therefore,
the lifetime of the link has a direct relationship with the
energy of the node. The routing path should be selected to
take into account the energy consumption of the node. Let
Total_ENE (i) denote the energy consumption on the i path,
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Total_ENE (i) will be given as
Jj=N;i—1
Total_ENE(i)) = Y Cost; (1)
j=0

where N; represents the total number of nodes on the i
path, Cost; ;1 represents the energy consumed to transmit
and receive data from the node j to the next hop, Cost; 11
can be expressed by the wireless sensor network node energy
consumption E7y(k, d;j jy1) and Egy(k, d; j;1), which can be
calculated as

Costjjr1 = Erx(k, djj11) + Erc(k, dj j11) (2)

According to the radio energy consumption model, when
a node transmits data to a neighbor node for each k bit data,
the energy consumption of the node is computed as follows:

Eryx = ETx—elec(k» d) + ETx—amp(kv d)
_ kE¢jec + kEfs X dza k <do
" | kEetec + kEpp x d*, k > do

where d can be calculated as

Efs
N Emp “)

In (3), k is the number of bytes of the transmitted packet,
d is the distance between the nodes. When d is less than
or equal to the threshold dp, the node adopts a free space
mode; Ef and Ey, are the energy dissipation coefficients of
the circuit amplifier in the free space mode and the multi-path
decline mode, respectively. When d is more than the thresh-
old dy, the node adopts a multi-path decline mode. RF energy
consumption coefficient is Eelec(nj/bit). The energy con-
sumption calculation formula for receiving k bit message is
as follows:

(€)

do

ERx(k) = ERx — elec(k) = kEelec ®)

2) LINK LIFETIME

In a certain sense, the duration of the link determines the
lifetime of the route. In this part, we analyze the lifetime of the
link between two adjacent nodes. The nodes in the network
are randomly distributed. Here we take Random Way Point
model. For a given link, by estimating the relative speed of
the two nodes and the location of the nodes, the duration of
the link is estimated.

The network model is shown in Figure 2. In this, we con-
sider two nodes p and g as neighbor nodes of a route. The link
between them is denoted as {p, g}. The transmission range of
the nodes is r. Let vi and v, be the velocity vector of nodes p
and g respectively and 6(0 < 6 < 2m) be the angle between
the velocity vector of these two nodes.

We assume node ¢ is at position s at fy. Let dp be
the instantaneous distance between two nodes at fy, and
d; be the instantaneous distance between two nodes at
11(0 < da, dy < r). Where ps = d, pm = dy. Node g moves
to point m at #;, and point e is where node g leaves the
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FIGURE 2. Example graph of adjacent node network model.

transmission range of node p at . Node ¢ moves at random.
Although the nodes travel with different velocity, we can
assume the node p to be stationary and compute their relative
velocity v,. v, can be expressed as

V=V — W (6)

We assume that the node does not have any localization
facility like GPS, so we cannot directly calculate the instan-
taneous distance between the two nodes. There are several
ways to calculate the distance between nodes. One approach
is to take advantage of the time difference of signal between
the two nodes. The time difference will be in microseconds in
this method, thus strict time synchronization between nodes
is required. The second method is to use the transmission
round trip time of signal transmission between the nodes.
Thus this method consumes extra energy. In this work, the
received signal strength indication (RSSI) is used to estimate
the distance between two nodes, and RSSI can be calculated
by the Two Ray Ground reflection model. The answer of the
question on “how Two ray ground reflection model is appli-
cable in calculating real time power of mobile nodes where it
is applicable in line of site static power level measurements”
can be found in the reference [31]. Thus d> can be calculated

as
JP:G;G,A?A?

dr =
2 P,

(N
Here variables has following meaning as P;: transmitted
signal power, P,: received signal power (RSSI), G;: transmit-
ter antenna gain, G,: receiving antenna gain, A;: altitude of
transmitter antenna, and A, : altitude of the receiver antenna.
In our network, nodes equipped with omnidirectional antenna
and terrain is flat. We assumed that P;, G,, G, A;, and A, are
constant. According to formula (7), d; can also be estimated.
In triangle psm, by applying cosine rule we have:

d? = d3 +y* — 2dyycosf 8)
where y = v(#] — tg), v is the size of v;.
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In triangle pse, by applying cosine rule we have:
r* = d} 4+ x* — 2drx cos f ©)

where X = Vv(t — fg). In Figure 2, SApse = SApsm +
SApme. Taking advantage of the Helen formula (s =
V(L — a)(€ — b)(€ — c), s represents the area of the triangle.
a, b and c represent the three sides of the triangle, and
= %HC ) we get

VAL — da) (1)L — x) = /(Lo — da)(Lo — d1) (Lo — )
+V( —d)( — )l — —(x —y)  (10)

where ¢ =
tion (8)-(10), there are three unknown numbers (¢, v, 6). Thus,
the remaining lifetime 7'c; ; of the link between node j and the
next hop node on the i path is calculated as follows:

d2+2r+x’ to = d2+g|+y’ 0 = d1+r;-X—y_ In equa-

Tc,;=t—1 an
Therefore, the link lifetime of the i/ path can be given as:

Tc, = min{TCi’O, Teiys---s TCi.Nj—I} (12)

where N; represents the number of nodes on the i path.

3) PRIORITY CALCULATION

In multi-path selection phase for mobile edge computing,
the source node selects the path with the highest priority
among the multiple paths for data transmission. As a critical
parameter, both the energy consumption of the path and the
lifetime of the link priority should be taken into account to
calculate priority. Let PRI; denote the priority of the i path
and can be given as:

1
PRI; = « - Total _ENE(i)+ B - T (13)

i

where o + 8 = 1. It can be seen from the formula (7) that
when the total energy consumption of the path is the least
and the link lifetime is longer. The path with a higher priority
should be selected. Considering that these two parameters are
critical to the performance of the network, thus ¢ = 8 =
0.5 here. When a node sends a Hello packet to monitor the
link state with other nodes, the distance of the neighboring
node is obtained by formula (7), and the energy consumption
and the lifetime of the link are updated, thereby passing the
formula (13). Calculate the priority of the node and update
dynamically.

B. LLECP-AOMDYV ALGORITHM

For mobile edge computing, the routing table structure of
the LLECP-AOMDYV algorithm is shown in Figure 3. This
protocol adds the priority field to the routing list field. The
value of the priority is calculated as described in 3.1.3.
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FIGURE 3. Routing table description.
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TABLE 1. Energy level settings.

E P f th
nergy Description er'centage of the
level residual energy R

Normal High residual energy Level<R<1.0

of the node

Danger Low residual energy of 0.0<R<Level

the node

1) ROUTING SELECTION BASED ON ENERGY LEVEL

In traditional routing for mobile edge computing, some nodes
are frequently selected as intermediate nodes or are heavily
loaded chronically, thus the energy of the battery is quickly
exhausted. If the energy of the backbone node is exhausted,
it is liable to cause the entire network to collapse. Therefore,
the node with high energy status should be selected as much
as possible during routing selection. The percentage of the
residual energy of the node defined by this routing protocol
can be expressed by R, which can be computed as:

E initialenergy

R= (14)

Eresidualenergy

where Ejpisialenergy TEpresents the initial energy of the node,
Eresidualenergy Tepresents the residual energy of the node.

According to R, nodes adopt different forwarding strategies
at different energy levels. Due to frequent router switch-
ing, the network delay will increase. Based on the existing
research on energy-aware routing, we employ two energy
levels.

This protocol divides the energy level percentage into two
types, Normal and Danger. The Level is the threshold for the
percentage of two energy levels. The energy level settings are
shown in Table 1.

When the node is in the normal level, the delay mech-
anism will increase the network delay. At the same time,
it is possible that the routing request packet RREQ times out
or the Time To Live (TTL) value is 0, thus re-transmission
is required, which increases the load of the route and the
congestion of the network are large. Therefore, when the
node energy of this protocol is at the Normal level, the route
discovery process is the same as the traditional AOMDV
algorithm at this time.
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In the late stage of the network for mobile edge computing,
due to exhaustion of node energy, some nodes enter a state
of death. In such a case, some RREQ data packets cannot
reach the destination. Therefore, in order to establish a route,
the source node needs to continuously re-transmit the RREQ
thereby increasing a large amount of overhead and causing
network congestion. When the residual energy of the node is
lower than Level, the node is at the Danger level and should
be protected. In the route forwarding phase, the strategy
of directly discarding the route discovery control packet is
adopted. Therefore, the node serves only as the sender and the
receiver of the data and serves as the established route through
the node. To the greatest extent, this method can reduce the
energy consumption of nodes with low energy, making the
energy consumption of nodes more balanced, and prolonging
the lifetime of the network.

2) ROUTE UPDATE REGULATION

When node j receives a new control packet, the node deter-
mines its own energy level and performs different processing
according to different levels. If node is at Normal level, create
a reverse path to the source node or create a forward path to
the destination node.

Let segnum g denote the node sequence number of the
packet P with respect to the destination d, and seqnumj‘-i
denote the node sequence number of the destination d in
the routing table of the node j. Let nexthop]‘! denote the
next hop to the destination d in node j, previous_hopp
denote the last hop node through which packet P passes, and
first_hopp denote the first hop node through which packet
P passes. disjoint _path_lookup(pathlistjd, nexthop, lasthop)
indicates that in the path list that reaches d, it is found whether
there is a path with nexthop as the next hop and lasthop as the
last hop. Update the route by following the steps described in
Algorithm 1.

Algorithm 1 Route update algorithm

if (seqnumj‘.l < seqnumdp)then

seqnum]‘.i = seqnum‘},;
advertised_hopcount;i = 00;
pathlisrjd = NULL;
insert(previous_hopp, firsthopp, hopcount + 1)
into pathlistjd;
//let new router insert in rountlist
else if (seqnum;l == seqnum‘,’,andhopcount;l
> hopcountp and
disjoint _path_lookup(pathlist;i, nexthop, lasthop)
== NULL) then
insert(previous_hopp, firsthopp, hopcount + 1)
into pathlistjd;
end if

Theorem 1: The route obtained by the LLECP- AOMDV
protocol for mobile edge computing is loop free.

Proof: Since the LLECP-AOMDV protocol routing

update rule is consistent with AOMDYV, it proves that
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LLECP-AOMDV is loop free and only need to prove that
AOMDYV is loop free. Suppose that there is an m-sized loop
in a route to a destination d, and node links (i; — i —

- — Iy — i1) form in a loop route. Assume that nodes
i and j are any two consecutive nodes in the route path, and
seqnum? < seqnumj‘-i. The following inequality is established
in the loop path:

seqnumfl1 < seqnum?; <...< seqnum;-im < seqnumf-l1 (15)

where seqnum? represents the sequence number of the des-
tination d at node i, and seqnumfl] = seqnumf2 = ... =
seqnum;’lm = seqnum?1 can be obtained according to the above
inequality, that is to say, the destination sequence numbers are
the same in this routing loop.

According to the AOMDYV routing update rules,

advertised_hopcountid >
advertised_hopcount; > --- >
advertised_hopcounti >
advertised_hopcountiI

Obviously, the above inequality is impossible, thus routes
formed by AOMDYV route are loop free.

Theorem 2: The packet P broadcasted by the source S for
mobile edge computing is received by the intermediate M.
If P is from different neighbor nodes of S to M, then the path
formed by packet P at the time of broadcast is node-disjoint.

Proof: Tt is assumed that two copies of the packet P
arrive at the node M through two different paths, respectively,
and the two paths respectively pass through two different
neighbor nodes of S, and there is one common node J, so the
packet P is broadcasted at least twice by the node J. However,
according to the rules in the algorithm 1, the same packet P is
broadcast at most once, so the two sides are contradictory, and
the assumption is not established. Therefore, the path formed
by the different neighbor nodes of the source node S reaching
M is node-disjoint.

Theorem 3: If the nodes on each route from S to D
for mobile edge computing have the identical destina-
tion sequence number, the route obtained by the LLECP-
AOMDV algorithm is link- disjoint.

Proof: Assume that Pathl and Path2 are two distrinct
paths from the source to the destination for mobile edge
computing. In the routing table of S, Pathl and Path2 are
identified by <D, nexthop, lasthop>. According to the route
update rule, the identifiers of the two paths are different, that
is, nexthop and lasthop are diverse.

It is assumed that Pathl and Path2 are link-disjoint and
share an I-J link. Because nexthop is unique, there is only one
path through J to D in the routing table of node /. Therefore,
node I will only provide a J to D path to its upstream node
(the source node or a node that is relatively close to the source
node). Even though from J to D may have multiple paths.
This has two path contradictions with S as the upstream node
of I, thus the assumption is false. Therefore, Pathl and Path2
are link-disjoint.
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3) ROUTE MAINTENANCE

During the route maintenance phase for mobile edge com-
puting, each node monitors the link status with other nodes
by sending a Hello packet. If a node is found not to answer
the Hello packet, the link between the two nodes is con-
sidered to be broken, and the relevant routing information
is deleted. If the link is disconnected, the node generates
a RERR message listing the missing destinations. RERR is
sent to the source node through the intermediate node. If the
previous multi-hop of this link is used, the node broadcasts
RERR. Upon receipt of RERR, the receiving node checks
if the node transmitting RERR is its own next hop at first,
towards any of the targets listed in RERR. If the sending node
is the next hop of the receiving node, the receiving node will
invalidate this routing table, and propagate RERR back to the
source. In this way, RERR continues to be forwarded until the
source receives RERR. Once this happens, if the failed route
is still needed, route discovery can be initiated again. At this
stage, the node updates the energy consumption of the link
and the lifetime of the link by sending the Hello packet, and
the distance between the nodes is obtained by formula (7),
thereby calculating the priority of the node by formula (13)
and updating.

C. DESCRIPTION OF THE ALGORITHM

The LLECP-AOMDYV protocol is based on energy grading
forwarding and the lifetime of link and energy consumption
prediction for mobile edge computing.

Algorithm 2 The steps of LLECPP-AOMDV for mobile
edge computing are described as follows:

Step 1: When a source needs to send data, it checks
whether there is routing information to the destination node
in the routing information table of the node. If there is no
routing information, it initiates a routing request and sends
a RREQ.

Step 2: If the RREQ is received by an intermediate node,
it judges its own energy level at first, calculates the R accord-
ing to formula (14), and judges the level of its own energy.
When the node is at the Danger level, it adopts the principle
of directly discarding RREQ; when the node is at the Normal
level, the node checks whether there is a potential alternate
reverse path, and updates the route according to Algorithm 1.
Check if there is a forward path to the destination node, and
the forward path is not used in any of the previous RREPs.
If there is, the RREP is generated by this node, and the RREQ
is not further propagated by the intermediate node. If there is
no forward path to the destination node, the node broadcasts
the first received RREQ copy. Here call Algorithm 3.

Step 3: When the RREQ copy is received by a destination,
a reverse path is formed by the destination node. Unlike the
intermediate node, if the RREQ copy comes from a different
neighbor, the destination will generate a RREP.

Step 4: When a node generates a RREP, it checks whether
there is a reverse path that is not used to send the RREP in
this route discovery. If there is, it selects one of the not used
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ones to send the current RREP, otherwise, discards the RREP.
Algorithm 4 is called here.

Step 5: When the RREP is receive by a source, it will estab-
lish a routing table. At the same time, the R calculated by the
formula (13) is inserted into the routing table. According to
the theorem 1, 2 and 3, the obtained multiple routes are link-
disjoint and each path is loop free; when data is transmitted,
the higher priority of path is selected.

Algorithm 3 Handles the pseudo code of the RREQ
packet algorithm

if (j received same seqnum) then  discardRREQ)

if (pathlistlt‘ == NULL) then
insert(nexthop, lasthop, hopcount+1);
//Let insert new router into routerlist
else if (seqnumj‘.l < seqnum%) then
seqnum]‘-l = seqnum%; advertised_hOpcountjd = 00;
pathlist;i = NULL; insert(nexthop, lasthop,

return;

hopcount+1);
else if (seqnum/”f == seqnumdP

&&hopcountjd > hopcpuntp&&
pathlistjd == NULL) then
if (ﬁ'rsthopj‘.i == ﬁrsthopp&&lasthop/‘.l == lasthopp)
then
update pathlistjd;
else if (ﬁ'rsthop]‘-i! = ﬁrsthopp&&lasthop;i! = lasthopp)
then
insert(nexthop, lasthop, hopcount+1);
end if
end if
if == d) then
send RREP; return;
else if (pathlistjd! = NULL) then send RREP; return;
else
Broadcast RREQ;
end if

Step 6: The intermediate node receives the HELLO of
the neighboring node periodically. If it finds that a node
does not answer the Hello packet, it considers that the link
between the two nodes is disconnected and deletes the rele-
vant routing information. Start the route maintenance process.
The specific process is given in Section 3.2.3 for the route
maintenance.

Step 7: Check weather the processing is successful or
not? If Yes then EXIT else GOTO step 1. Or while
(LLECP-AOMDY is NOT successful ) step 7.

Algorithm 4 Handles the pseudo code of the RREP
packet algorithm

if (pathlist! == NULL)then

insert(nexthop, lasthop, hopcount+1);
else if (seqnumj‘-i < seqnump)then

seqnumd = seqnump; advertised_hopcountid = 00;

return;

pathlistj =NULL; insert(nexthop, lasthop, hopcount+1);
//Clear up rounterlist and insert new router
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else if (seqnum]‘-l == seqnum‘},&&hopcount;j > hopcpuntp

&&pathlistjd == NULL) then
if (ﬁrsthop;.j == firsthopp&&lasthopj‘.i == lasthopp)
then
update pathlist;i;
else if (ﬁ'rsthopj‘-i! = ﬁrsthopp&&lasthopj‘-’! = lasthopp)
then
insert(nexthop, lasthop, hopcount+1);
end if
end if
if j == s)then
search the smallest PRT; router; send DATA;
else if
forward RREP;
end if

D. THEORETICAL ANALYSIS OF THE COMPLEXITY OF THE
ALGORITHM

In this section, we analyze the complexity of the
LLECP-AOMDYV for mobile edge computing, and explain
it from two aspects: time complexity and space complexity.

Theorem 4: The time complexity of the LLECP- AOMDV
algorithm for mobile edge computing is O(n).

Proof: The time complexity of the LLECP-AOMDV
algorithm for mobile edge computing is determined by
forwarding RREQ and RREP packets and handling link
failure. Routing discovery is not required for every data
transfer. This route discovery process can be considered as
the basic operation of the N nodes of the mobile ad hoc
network. In this algorithm, the worst case is that there are
N-2 nodes between the source and destination, and com-
munication between two nodes must rely on all intermedi-
ate nodes, thus the worst time complexity of this algorithm
is O(n). In the route discovery process, a source broadcasts
the RREQ. When the intermediate node has a path to the
destination or the destination receives the RREQ packet,
the worst time complexity of this process is O(n1), and the
generated RREP packet is forwarded to the source to form
a forward path. The worst time complexity of this process
is O(nz). When the link fails, the worst time complexity of
processing link failure is O(n3). Let n = ny + ny + ng3,
thus the time complexity of the LLECP- AOMDV algorithm
is O(n).

The AOMDYV, AOMR-LM, and FF-AOMDV protocols all
require route discovery and route failure processing, so the
time complexity is O(n).

Theorem 5: The space complexity of the LLECP- AOMDV
algorithm for mobile edge computing is O(n?).

Proof: In the large sparse mobile ad hoc network for
mobile edge computing, the frequent movement of nodes will
generate link and link disconnection constantly. Therefore,
it is more suitable to utilize the adjacency matrix of the graph
to represent the nodes. Each node in this protocol stores the
information and routing of neighbor nodes, thus the space
complexity is O(n?).
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IV. PERFORMANCE EVALUATION

A. TEST ENVIRONMENT AND PARAMETER SETTINGS

In this part, we take advantage of the NS-2 platform for
simulation experiments to test this protocol for mobile edge
computing. The agreement between this paper and the clas-
sical AOMDV algorithm and the proposed AOMR-LV and
FF-AOMDY protocols are compared and analyzed. The data
packet delivery rate, average end-to-end delay, and energy
consumption are simulated and analyzed in different packet
sizes, node speeds, and simulation times for mobile edge
computing. For the accuracy of the experiment of mobile edge
computing, the average performance results is collected from
50 simulation runs. The main measurement indicators of the
simulation experiment are as follows:

1) PACKET DELIVERY RATE

The packet delivery rate refers to the ratio of the number
of packets sent by the application layer to the number of
packets received by the destination. This standard represents
the quality of the routing protocol from a source to a destina-
tion. The greater the data packet delivery rate, the better the
performance of the routing protocol. Let PDR indicate the
data packet delivery rate, which is calculated as follows:

N packetreceived

PDR = x 100% (16)

packetsent

where Npackerreceivea  Tepresents the number of received
packets and Npgckersens TEpresents the number of packets sent.

2) AVERAGE END-TO-END DELAY

The average end-to-end delay refers to the delay generated by
the data packet successfully from a source to a destination.
We utilize ETEdelay to represent the average end-to-end
delay. The calculation method is given as:

ETEdelay = }1 Z [ta (i) — ()] 7)

i=1

where n represents the number of successfully transmitted
data packets, 7;4(i) represents the transmitted time of the i
packet, and ¢, (i) represents the time at which the packet was
received.

3) ENERGY CONSUMPTION

Energy consumption refers to the sum of energy consumed by
network nodes throughout the simulation. This is obtained by
calculating the energy level of each node at the end of the sim-
ulation and considering the initial energy of each node. Let
ECenergyconsumption represent energy consumption, which
can be calculated as:

N
ECenergyconsumption = Z[Einitialenergy(i)

i=1

_Eresidualenergy(i)] (18)
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TABLE 2. Simulation parameters.

Parameters values
Size of topology(m) 1000*1000
MAC Channel MAC/802.11
Mobility model Nakagami
Number of nodes 50
Traffic type CBR
Transmission range (m) 250
Initial energy (J) 100

AOMDV, LLECP-AOMDV,

Routing protocols AOMR-LM, FE-AOMDV

Simulation time (sec) 10,20,30,40,50

Energy level Level=0.2
Speed of nodes (m/s) 0,2.5,5,7.5,10
E 5.0x10-8J/bit

elec
Channel propagation model

energy consumption
coefficient

E , :1.0X 10-113/(bit*m-2),
E,, :1.3X10-15J/(bit*m-4)

o
o

Packet delivery ratio
o
Sy
~ (%))

—+— (AOMDV)
(AOMR-LV)
—%— (LLECP-AOMDV)

o
2}
a

0.6F----------1 —B— (FF-AOMDV)  |---------ommroomm ooy
] S ESRSEERI STEEETISREELEN EUSSRERLRREE
05 i i i

0 25 5 75 10

The speed of nodes ( m/s )

FIGURE 4. The relationship between different node speeds and data
packet delivery rates.

where N represents the total number of nodes in the network,
Einitialenergy T€presents the initial energy of the node, and
Ejesidualenergy TEPTEsents the remaining energy of the node.

B. EXPERIMENT TESTS BASED ON SIMULATION

AND ANALYSIS

As shown in Figure 4, Figure 5 and Figure 6, under the
condition of mobile edge computing that the data packet size
and the simulation time are constant, and the moving speed
of nodes is changed, the performance of the four routing
networks is compared. Each node moves at a uniform speed
of (0, 2.5, 5, 7.5, 10) m/s, and the direction of movement is
random. The size of the packet is 256 bytes and the simulation
time is 50 s.

The effect of different node speeds on the data packet
delivery rate can be clearly seen from Figure 4. When
the speed of the node increases, the packet delivery
rate of LLECP-AOMDYV, FF-AOMDYV, AOMR-LV and
AOMDV will decrease. The data packet delivery rate of
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FIGURE 5. The relationship between moving speed and energy
consumption of different nodes.
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FIGURE 6. The relationship between different node moving speeds and
average end-to-end delay.

LLECP-AOMDV proposed in this paper reduced from
0.979 t0 0.804, the FF-AOMDYV algorithm reduced from 0.975
to 0.778, the AOMR-LV algorithm reduced from 0.977 to
0.747, and the AOMDV algorithm reduced from 0.967 to
0.673. To a certain extent, the LLECP-AOMDV protocol
proposed in this paper is superior to other protocols. The
LLECP-AOMDYV protocol selects a relatively stable priority
with high priority, that is, a path with a long link lifetime and
low energy consumption reduces the possibility of link failure
and reduces the packet loss rate.

Figure 5 shows the energy consumption of LLECP-
AOMDV, FF-AOMDYV, AOMR-LV and AOMDV at dif-
ferent node moving speeds. When the speed of the node
increases at (0, 2.5, 5, 7.5, 10) m/s, the energy consump-
tion of network also increases. The energy consumption of
the LLECP-AOMDYV algorithm increased from 59J to 1007,
the energy consumption of FF-AOMDYV increased from 63J
to 120J, the energy consumption of AOMR-LV increased
from 61J to 103J, and the energy consumption of AOMDV
increased from 72J to 157J. The LLECP-AOMDYV routing
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FIGURE 7. The relationship between different packet sizes and data
packet delivery rates.

protocol selects the link with the least energy consumption
and the most stable link for data transmission. According to
the energy level of nodes, the AOMR-LV protocol is graded.
When the data packet is transmitted, the source node dis-
tributes the data packet through high energy routing and aver-
age load to balance the load on multiple routes. Therefore,
energy consumption is saved. It can be seen from Figure 5 that
the method proposed in this paper is basically consistent
with the AOMR-LV method in terms of energy consumption.
Compared with the traditional AOMDV and FF-AOMDV
protocols, it has better performance.

As shown in Figure 6, the average end-to-end delay of
the four algorithms increases as the node moves faster.
Because the faster the node, the faster the network topol-
ogy transforms, increasing the possibility of network link
disconnection. When a route fails, other routes may also be
disconnected. Due to on-demand routing, when the network
topology changes, it is very likely that the route discovery
needs to be restarted, thus the average end-to-end delay
increases. The average end-to-end delay of LLECP-AOMDV
increased from 15.61ms to 36.9ms, the FF-AOMDV proto-
col increased from 15.87ms to 36.7ms, the AOMR-LV pro-
tocol increased from 16.31ms to 39.21ms, and the AOMDV
protocol increased from 14.63ms to 49.21ms. Overall, the
proposed protocol is superior to the other protocols.

As shown in Figure 7, Figure 8, and Figure 9, the perfor-
mance of the four algorithms is compared when the simula-
tion time is identical, the speed of mobile node is identical,
and the size of packets is different. The speed of nodes in the
network is 2.5m/s, the direction of movement is random, and
the simulation time is S0ms. The size of packets is (64, 128,
256, 512, 1024) Bytes.

As shown in Figure 7, when the simulation time is
the same, the node moves at the same speed, and the
size of packets is varied, as the size of packets enlarges,
the data packet delivery rate decreases. The data packet
delivery rate of the LLECP-AOMDV algorithm decreased
from 0.942 to 0.834, the FF-AOMDYV protocol reduced
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FIGURE 8. The relationship between different packet sizes and energy
consumption.
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FIGURE 9. The relationship between different packet sizes and average
end-to-end delay.

from 0.945 to 0.811, the AOMR-LV protocol reduced from
0.931 to 0.799, and the AOMDV protocol reduced from
0.896 to 0.707. Due to the LLECP-AOMDV considers the
stability of the link and low-energy nodes, the protocol pro-
posed is superior to other protocols.

As shown in Figure 8, when the simulation time is the
same, the speed of nodes is constant, and the size of packets
is different, as the size of packets increases, the energy con-
sumption of the network also increases. The network energy
consumption of the LLECP-AOMDV algorithm increased
from 61J to 85J, the FF-AOMDYV protocol increased from 69J
to 93J, the AOMR-LV protocol increased from 63J to 87J,
and the AOMDV increased from 81J to 120J. The energy
consumption of the LLECP-AOMDYV and AOMR-LYV proto-
cols is basically identical, which is obviously superior to the
traditional AOMDYV and FF-AOMDV protocols.

It can be seen from Figure 9 that when the simulation time
and the speed of nodes are constant, and the size of packets
is metabolic, as the size of packets increases, the average
end-to-end delay increases. The average end-to-end delay of
the LLECP-AOMDYV algorithm increased from 17.6ms to
32.92ms, the FF-AOMDYV protocol increased from 17.53ms
to 32.23ms, the AOMR-LV protocol increased from 18.64ms
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FIGURE 11. The relationship between simulation time and energy
consumption.

to 37.12ms, and the AOMDYV increased from 21.63ms to
43.06ms. The performance of the LLECP-AOMDYV protocol
is superior to other protocols because the route selected by
this protocol is stable, which reduces the possibility of link
disconnection, thus reducing the delay.

As shown in Figure 10, Figure 11, and Figure 12, when the
speed of nodes and the size of packets are constant, and the
simulation time increases by (10, 20, 30, 40, 50) s, the four
algorithms are compared. The speed of each node is 2.5m/s,
the direction is random, and the size of packets is 256 Bytes.

It can be clearly seen from Figure 10 that as the sim-
ulation time increases, the data packet delivery rate also
increases. When the simulation time increased from 10s
to 50s, the data packet delivery rate of the LLECP-AOMDV
algorithm increased from 0.752 to 0.781, the FF-AOMDV
protocol increased from 0.753 to 0.779, the AOMR-LV proto-
col increased from 0.748 to 0.773, and the AOMDYV increased
from 0.702 to 0.762. The simulation results clearly prove
that the protocol proposed in this paper is superior to other
protocols.

As shown in Figure 11, as the simulation time increases,
the energy consumption increases. When the simulation
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FIGURE 12. The relationship between simulation time and average
end-to-end delay.

time increased from 10s to 50s, the energy consumption of
the LLECP-AOMDYV algorithm increased from 19J t077.5],
the energy consumption of FF-AOMDYV increased from 25J]
to 86J, the energy consumption of AOMR-LV increased from
20J t079J, and the AOMDV protocol increased from 40J
to104J. As can be seen from the figure, the protocol proposed
in this paper is equivalent to the energy consumption of
the AOMR-LV protocol, and there is no obvious improve-
ment. However, compared to the traditional AOMDV and
FF-AOMDY protocols, the performance of LLECP-AOMDV
is still appreciated.

As shown in Figure 12, as the simulation time increases,
the average end-to-end delay also increases. When the sim-
ulation time is 10s, the average end-to-end delay of the
LLECP-AOMDYV algorithm is 19.2ms, the FF-AOMDYV pro-
tocol is 9.1ms, the AOMR-LV protocol is 9.67ms, and
the AOMDV protocol is 11.6ms. When the simulation
time is 50s, the end-to-end delay of the LLECP-AOMDV
algorithm is 23.2ms, the FF-AOMDYV protocol is 23.6ms,
the AOMR-LV protocol is 26.07ms, and the AOMDV
protocol is 34.68ms. As can be seen from the figure,
the LLECP-AOMDYV protocol proposed in this paper is supe-
rior to other protocols.

As shown in Figure 13, we show the average hop count of
the proposed protocol comparing with other approaches for
mobile edge computing.

C. TESTS WITH REAL SCENARIOS

With the rise of fifth-generation (5G) communication tech-
nologies, society of mobile edge computing is rapidly trans-
forming into a fully interconnected world. The future of
the Internet can be foreseen by an infinite number of soft-
ware components and things that coordinate with each other
to achieve different applications of mobile edge comput-
ing. As one of the most important systems in the future
mobile edge computing, the smart mobile edge computing
system will be connected, as well as the rapid development
of cooperative and automated interaction to achieve smart
learning [32].
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The routing protocol proposed in this paper can be applied
to smart mobile edge computing. Similarly, the person
equipped with mobile communication learning devices (such
as mobile phone, iPAD, PDA, Laptop, and other mobile
terminals) [47]-[55] are regarded as mobile nodes, and the
routing protocols proposed in this paper can also be applied
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which improves the quality of communication of mobile edge
computing.

In order to verify the validation of this method in mobile
edge computing network, in this paper, a 1500m x 1500m
mobile edge computing scene is generated by using the
mobile edge computing Generator (MobiSim) [56]-[61]. The
agreement between this paper and the classical AOMDV
algorithm and the proposed GPSR [33] and SLBF [34] pro-
tocols are compared. A mobile edge computing device repre-
sents a node. The comparison result is shown in Figure 14 and
Figure 15. Through test comparison, the LLECP- AOMDV
proposed in this paper is superior to the other protocols.

V. CONCLUSION

A multi-path routing protocol based on predicting link life-
time and minimum energy consumption (LLECP- AOMDV)
for mobile edge computing is proposed in this paper. In the
path discovery and path selecting phase, the energy level of
the node determines whether the node participates in route
discovery. Simultaneously, the distance between the nodes is
estimated by RSSI to calculate the energy consumption which
is required for data transmission and link lifetime. After cal-
culating the priority of multiple paths, it selects the path with
higher priority for data transmission. In the route maintenance
phase, the priority is dynamically updated through the trans-
mission of the HELLO packet. Compared with the traditional
AOMDYV, AOMR-LV and FF-AOMDV protocols, simulation
and test experiments show that the proposed strategy reduces
the end-to-end delay and the network energy consumption,
and improves the delivery rate of data packets. It extends the
lifetime of the network and improves the overall efficiency of
the network for mobile edge computing.

COMPLIANCE WITH ETHICAL STANDARDS

NO CONFLICT EXISTS

Author De-gan Zhang, Lu Chen, Jie Zhang, Jie Chen, Ting
Zhang, Ya-meng Tang, and Jian-ning Qiu declare that they
have no conflict of interest.

ETHICAL APPROVAL
This article does not contain any studies with human partici-
pants or animals performed by any of the authors.

INFORMED CONSENT
Informed consent was obtained from all individual partici-
pants included in the study.

REFERENCES

[1] J.Liu, Y. Xu, Y. Shen, X. Jiang, and T. Taleb, ““‘On performance modeling
for MANETS under general limited buffer constraint,” IEEE Trans. Veh.
Technol., vol. 66, no. 10, pp. 9483-9497, Oct. 2017.

[2] D.Zhang, X. Wang, X. Song, and D. Zhao, ‘A novel approach to mapped
correlation of ID for RFID anti-collision,” IEEE Trans. Services Comput.,
vol. 7, no. 4, pp. 741-748, Oct. 2014.

[3] J. Chen, G. Mao, C. Li, W. Liang, and D.-G. Zhang, ““Capacity of coopera-
tive vehicular networks with infrastructure support: Multiuser case,” IEEE
Trans. Veh. Technol., vol. 67, no. 2, pp. 1546-1560, Feb. 2018.

VOLUME 8, 2020

[4]

[5]

[6]

[71
[8]

[9]

(10]

(1]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

(20]

[21]

(22]

(23]

(24]

[25]

(26]

(27]

D.-G. Zhang, J.-N. Qiu, T. Zhang, and H. Wu, “New energy-efficient hier-
archical clustering approach based on neighbor rotation for edge comput-
ing of IOT,” in Proc. ICCCN, Valencia, Spain, vol. 8, no. 1, pp. 291-295,
2019.

Z. Li and Y. Wu, “Smooth mobility and link reliability-based optimized
link state routing scheme for MANETS,” IEEE Commun. Lett., vol. 21,
no. 7, pp. 1529-1532, Jul. 2017.

A. Barve, A. Kini, O. Ekbote, and J. Abraham, “Optimization of DSR
routing protocol in MANET using passive clustering,” in Proc. 2nd Int.
Conf. Commun. Control Intell. Syst. (CCIS), Nov. 2016, pp. 23-27.

D.-G. Zhang, H.-L. Niu, and S. Liu, “Novel PEECR-based clustering rout-
ing approach,” Soft Comput., vol. 21, no. 24, pp. 7313-7323, Dec. 2017.
D. G. Zhang, S. Zhou, and J. Chen, “New dv-distance method based on
path for wireless sensor network,” Intell. Autom. Soft Comput., vol. 23,
no. 2, pp. 219-225, Apr. 2017.

D.-G. Zhang, H.-L. Niu, S. Liu, and X.-C. Ming, “Novel positioning
service computing method for WSN,” Wireless Pers. Commun., vol. 92,
no. 4, pp. 1747-1769, Feb. 2017.

Z.Ma, D. G. Zhang, S. Liu, and W. B. Li, “New AODV routing method
for mobile wireless mesh network (MWMN),” Intell. Autom. Soft Comput.,
vol. 22, no. 3, pp. 431-438, Jul. 2016.

M. Saseekala and P. Kamalakannan, ‘“Resource optimized kernel support
vector for scalable and reliable multipath multicast routing in MANET,”
J. Theor. Appl. Inf. Technol., vol. 96, no. 5, pp. 1225-1237, 2018.

X.-H. Liu, D.-G. Zhang, H.-R. Yan, Y.-y. Cui, and L. Chen, ““A new algo-
rithm of the best path selection based on machine learning,” IEEE Access,
vol. 7, pp. 126913-126928, 2019, doi: 10.1109/ACCESS.2019.2939423.
R. Huo, D. Li, Q. Zhu, and H. Yang, “An efficient distributed flooding
scheme using one-hop information in heterogeneous ad hoc networks,” in
Proc. WRI Int. Conf. Commun. Mobile Comput., Jan. 2009, pp. 513-517.
D.-G. Zhang, K. Zheng, T. Zhang, and X. Wang, “A novel multicast
routing method with minimum transmission for WSN of cloud computing
service,” Soft Comput., vol. 19, no. 7, pp. 1817-1827, Jul. 2015.

W. Xu, W. Liang, X. Lin, and G. Mao, “Efficient scheduling of multiple
mobile chargers for wireless sensor networks,” IEEE Trans. Veh. Technol.,
vol. 65, no. 9, pp. 7670-7683, Sep. 2016.

S. Glass, I. Mahgoub, and M. Rathod, “Leveraging MANET-based coop-
erative cache discovery techniques in VANETS: A survey and analysis,”
IEEE Commun. Surveys Tuts., vol. 19, no. 4, pp. 2640-2661, 2017.

K. Zheng and D. X. Zhao, ‘“Novel quick start (QS) method for optimization
of TCP,” Wireless Netw., vol. 22, no. 1, pp. 1-12, 2015.

D. Zhang, G. Li, K. Zheng, X. Ming, and Z.-H. Pan, “An energy-balanced
routing method based on forward-aware factor for wireless sensor net-
works,” IEEE Trans. Ind. Informat., vol. 10, no. 1, pp. 766—773, Feb. 2014.
S. Liu, D.-G. Zhang, X.-h. Liu, T. Zhang, J.-x. Gao, C.-l. Gong, and
Y.-Y. Cui, “Dynamic analysis for the average shortest path length of
mobile ad hoc networks under random failure scenarios,” IEEE Access,
vol. 7, pp. 21343-21358, 2019, doi: 10.1109/ACCESS.2019.2896699.

Y. Richter and I. Bergel, “Optimal and suboptimal routing based on partial
CSI in random ad-hoc networks,” IEEE Trans. Wireless Commun., vol. 17,
no. 4, pp. 2815-2826, Apr. 2018.

A. Taha, R. Alsaqour, M. Uddin, M. Abdelhaq, and T. Saba, “Energy
efficient multipath routing protocol for mobile ad-hoc network using the
fitness function,” IEEE Access, vol. 5, pp. 10369-10381, 2017.

S. K. Bhoi and P. M. Khilar, “SIR: A secure and intelligent routing protocol
for vehicular ad hoc network,” IET Netw., vol. 4, no. 3, pp. 185-194,
May 2015.

D. Manickavelu and R. U. Vaidyanathan, ‘‘Particle swarm optimization
(PSO)-based node and link lifetime prediction algorithm for route recovery
in MANET,” EURASIP J. Wireless Commun. Netw., vol. 2014, no. 1,
p. 107, Dec. 2014.

H. Geng, X. Shi, and X. Yin, “Algebra and algorithms for multipath
QoS routing in link state networks,” J. Commun. Netw., vol. 19, no. 2,
pp. 189-200, 2017.

M. K. Marina and S. R. Das, “On-demand multipath distance vector
routing in ad hoc networks,” in Proc. IEEE Int. Conf. Netw. Protocols,
Nov. 2001, pp. 14-23.

O. Smail, B. Cousin, R. Mekki, and Z. Mekkakia, “A multipath energy-
conserving routing protocol for wireless ad hoc networks lifetime improve-
ment,” EURASIP J. Wireless Commun. Netw., vol. 2014, no. 1, pp. 1-12,
Dec. 2014.

M. M. Shawara, A. M. Sarhan, and N. A. Elfishawy, “Energy aware ad-
hoc on demand multipath distance vector (EA-AOMDV),” in Proc. 13th
Int. Comput. Eng. Conf. (ICENCO), Dec. 2017, pp. 317-322.

69069


http://dx.doi.org/10.1109/ACCESS.2019.2939423
http://dx.doi.org/10.1109/ACCESS.2019.2896699

IEEE Access

D.-G. Zhang et al.: Multi-Path Routing Protocol Based on Link Lifetime and Energy Consumption Prediction

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

A. Yadav, A. S. Sairam, and A. P. Mazumdar, ““Selecting stable route in
multipath routing protocols,” in Proc. 8th Int. Conf. Comput., Commun.
Netw. Technol. (ICCCNT), Jul. 2017, pp. 1-7.

S. M. Benakappa and M. Kiran, “An energy-aware node disjoint multipath
routing protocol for MANETSs with dynamictransmission range adjust-
ment,” in Proc. Int. Conf. Electr.,, Electron., Commun., Comput., Optim.
Techn. (ICEECCOT), Dec. 2017, pp. 335-341.

M. A. Gawas, K. Modi, P. Hurkat, and L. J. Gudino, “QoS based multipath
routing in MANET: A cross layer approach,” in Proc. Int. Conf. Commun.
Signal Process. (ICCSP), Apr. 2017, vol. 1, no. 1, pp. 1806-1812.

J. Xu, W. Liu, F. Lang, Y. Zhang, and C. Wang, “‘Distance measurement
model based on RSSI in WSN,” Wireless Sensor Netw., vol. 2, no. 8,
pp. 606-611, 2010.

L. Chen and C. Englund, “Choreographing services for smart cities: Smart
traffic demonstration,” in Proc. IEEE 85th Veh. Technol. Conf. (VIC
Spring), Jun. 2017, vol. 1, no. 1, pp. 1-5.

H. T. Kung, “GPSR: Greedy perimeter stateless routing for wireless net-
works,” in Proc. Int. Conf. Mobile Comput. Netw., 2000, vol. 1, no. 1,
pp. 10-16.

C. Li, Y. Chen, X. Han, and L. Zhu, “A self-adaptive and link-aware
beaconless forwarding protocol for VANETS,” Int. J. Distrib. Sensor Netw.,
vol. 11, no. 8, Aug. 2015, Art. no. 757269.

S. Liu and T. Zhang, “Novel unequal clustering routing protocol consid-
ering energy balancing based on network partition & distance for mobile
education,” J. Netw. Comput. Appl., vol. 88, no. 15, pp. 1-9, 2017, doi:
10.1016/j.jnca.2017.03.025.

D.-G. Zhang, T. Zhang, Y. Dong, X.-H. Liu, Y.-Y. Cui, and D.-X. Zhao,
“Novel optimized link state routing protocol based on quantum genetic
strategy for mobile learning,” J. Netw. Comput. Appl., vol. 122, pp. 37-49,
Nov. 2018, doi: 10.1016/j.jnca.2018.07.018.

D. Zhang, H. Ge, T. Zhang, Y.-Y. Cui, X. Liu, and G. Mao, “New multi-hop
clustering algorithm for vehicular ad hoc networks,” IEEE Trans. Intell.
Transp. Syst., vol. 20, no. 4, pp. 1517-1530, Apr. 2019.

J. X. Gao and X. H. Liu, “Novel approach of distributed & adaptive trust
metrics for MANET,” Wireless Netw., vol. 25, no. 6, pp. 3587-3603, 2019.
T. Zhang and X. H. Liu, “Novel self-adaptive routing service algorithm for
application in VANET,” Appl. Intell., vol. 49, no. 5, pp. 1866-1879, 2019.
C. Chen and Y. Y. Cui, “New method of energy efficient subcarrier
allocation based on evolutionary game theory,” Mobile Netw. Appl., vol. 9,
pp. 1-15, Sep. 2018, doi: 10.1007/s11036-018-1123-y.

D.-G. Zhang, S. Zhou, and Y.-M. Tang, “A low duty cycle efficient MAC
protocol based on self-adaption and predictive strategy,” Mobile Netw.
Appl., vol. 23, no. 4, pp. 828-839, Aug. 2018.

T. Zhang, D. Zhang, J. Qiu, X. Zhang, P. Zhao, and C. Gong, “A kind
of novel method of power allocation with limited cross-tier interfer-
ence for CRN,” [EEE Access, vol. 7, pp. 82571-82583, 2019, doi:
10.1109/ACCESS.2019.2921310.

D.-G. Zhang, P.-Z. Zhao, Y.-Y. Cui, L. Chen, T. Zhang, and H. Wu, “A new
method of mobile ad hoc network routing based on greed forwarding
improvement strategy,” IEEE Access, vol. 7, pp. 158514-158524, 2019,
doi: 10.1109/ACCESS.2019.2950266.

C. L. Gong, “Akind of new method of intelligent trust engineering metrics
(ITEM) for application of mobile ad hoc network,” Eng. Comput., vol. 11,
pp. 1-12, Dec. 2019, doi: 10.1108/EC-12-2018-0579.

D.-G. Zhang, H. Wu, P.-Z. Zhao, X.-H. Liu, Y.-Y. Cui, L. Chen, and
T. Zhang, “New approach of multi-path reliable transmission for marginal
wireless sensor network,” Wireless Netw., vol. 26, no. 2, pp. 1503-1517,
Feb. 2020, doi: 10.1007/s11276-019-02216-y.

S. Liu, D. Zhang, X. Liu, T. Zhang, and H. Wu, ““Adaptive repair algorithm
for TORA routing protocol based on flood control strategy,” Comput.
Commun., vol. 151, pp. 437-448, Feb. 2020.

H. Trinh, P. Calyam, D. Chemodanov, S. Yao, Q. Lei, F. Gao, and
K. Palaniappan, ‘“Energy-aware mobile edge computing and routing for
low-latency visual data processing,” IEEE Trans. Multimedia, vol. 20,
no. 10, pp. 2562-2577, Oct. 2018, doi: 10.1109/TMM.2018.2865661.

Y. Cui, D. Zhang, T. Zhang, L. Chen, M. Piao, and H. Zhu, ‘“Novel
method of mobile edge computation offloading based on evolutionary
game strategy for IoT devices,” AEU-Int. J. Electron. Commun., vol. 118,
May 2020, Art. no. 153134, doi: 10.1016/j.acue.2020.153134.

X. H. Liu, “A kind of novel RSAR protocol for mobile vehicular ad hoc
network,” CCF Trans. Netw., vol. 2, no. 2, pp. 111-125, 2019.

D. G. Zhang, “A new approach and system for attentive mobile learn-
ing based on seamless migration,” Applied Intelligence, vol. 36, no. 1,
pp. 75-89, 2012.

69070

(51]

[52]

(53]

(54]

[55]

[56]

(571

(58]

[59]

[60]

[61]

D.-G. Zhang, Y.-M. Tang, Y.-Y. Cui, J.-X. Gao, X.-H. Liu, and T. Zhang,
“Novel reliable routing method for engineering of Internet of Vehicles
based on graph theory,” Eng. Comput., vol. 36, no. 1, pp. 226-247,
Feb. 2019.

D.-G. Zhang, S. Liu, X.-H. Liu, T. Zhang, and Y.-Y. Cui, “Novel dynamic
source routing protocol (DSR) based on genetic algorithm-bacterial for-
aging optimization (GA-BFO),” Int. J. Commun. Syst., vol. 31, no. 18,
p. €3824, Dec. 2018, doi: 10.1002/dac.3824.

X. Wang and X. D. Song, “A new clustering routing method based
on PECE for WSN,” EURASIP J. Wireless Commun. Netw., vol. 2015,
no. 162, pp. 1-13, 2015, doi: 10.1186/s13638-015-0399-x.

D.-G. Zhang, X.-D. Song, X. Wang, K. Li, W.-B. Li, and Z. Ma, “New
agent-based proactive migration method and system for big data environ-
ment (BDE),” Eng. Comput., vol. 32, no. 8, pp. 2443-2466, Nov. 2015.
D.-G. Zhang, X.-D. Song, X. Wang, and Y.-Y. Ma, “Extended AODV rout-
ing method based on distributed minimum transmission (DMT) for WSN,”
AEU-Int. J. Electron. Commun., vol. 69, no. 1, pp. 371-381, Jan. 2015.
D.-G. Zhang, X. Wang, X.-D. Song, J. Li, and Y.-J. Chen, “A kind of
novel VPF-based energy-balanced routing strategy for wireless mesh net-
work,” Int. J. Commun. Syst., vol. 30, no. 6, p. €2889, Apr. 2017, doi:
10.1002/dac.2889.

D. Zhang, X. Kang, and J. Wang, “A novel image de-noising method
based on spherical coordinates system,” EURASIP J. Adv. Signal Process.,
vol. 2012, no. 1, pp. 1-10, Dec. 2012, doi: 10.1186/1687-6180-2012-110.
D.-G. Zhang, Y.-N. Zhu, C.-P. Zhao, and W.-B. Dai, “A new constructing
approach for a weighted topology of wireless sensor networks based on
local-world theory for the Internet of Things (I0T),” Comput. Math. Appl.,
vol. 64, no. 5, pp. 1044-1055, Sep. 2012.

D.-G. Zhang and X.-D. Zhang, “Design and implementation of embedded
un-interruptible power supply system (EUPSS) for Web-based mobile
application,” Enterprise Inf. Syst., vol. 6, no. 4, pp. 473-489, Nov. 2012.
C. P. Zhao, “A new medium access control protocol based on perceived
data reliability and spatial correlation in wireless sensor network,” Com-
put. Elect. Eng., vol. 38, no. 3, pp. 694-702, 2012.

J. Yang, M. Ding, G. Mao, Z. Lin, D.-G. Zhang, and T. H. Luan, “Optimal
base station antenna downtilt in downlink cellular networks,” IEEE Trans.
Wireless Commun., vol. 18, no. 3, pp. 1779-1791, Mar. 2019.

DE-GAN ZHANG (Member, IEEE) was born
in 1970. He received the Ph.D. degree from North-
eastern University, China. He is currently a Profes-
sor with the Tianjin Key Laboratory of Intelligent
Computing and Novel Software Technology and
the Key Laboratory of Computer Vision and Sys-
tem, Ministry of Education, Tianjin University of
Technology, Tianjin, China. His research interests
include service computing and so on.

LU CHEN (Member, IEEE) was born in 1991.
She is currently pursuing the Ph.D. degree. She is
also a Researcher with the Tianjin University of
Technology, Tianjin, China. Her research interests
include ITS, WSN, and so on.

VOLUME 8, 2020


http://dx.doi.org/10.1016/j.jnca.2017.03.025
http://dx.doi.org/10.1016/j.jnca.2018.07.018
http://dx.doi.org/10.1007/s11036-018-1123-y
http://dx.doi.org/10.1109/ACCESS.2019.2921310
http://dx.doi.org/10.1109/ACCESS.2019.2950266
http://dx.doi.org/10.1108/EC-12-2018-0579
http://dx.doi.org/10.1007/s11276-019-02216-y
http://dx.doi.org/10.1109/TMM.2018.2865661
http://dx.doi.org/10.1016/j.aeue.2020.153134
http://dx.doi.org/10.1002/dac.3824
http://dx.doi.org/10.1186/s13638-015-0399-x
http://dx.doi.org/10.1002/dac.2889
http://dx.doi.org/10.1186/1687-6180-2012-110

D.-G. Zhang et al.: Multi-Path Routing Protocol Based on Link Lifetime and Energy Consumption Prediction

IEEE Access

VOLUME 8, 2020

JIE ZHANG (Member, IEEE) was born in 2000.
He is currently a Researcher with the School of
Electronic and Information Engineering, Beijing
Jiaotong University, Beijing, China. His research
interests include WSN, mobile computing, and
S0 on.

JIE CHEN (Member, IEEE) was born in 1969.
She received the Ph.D. degree. She is currently
a Researcher with the School of Electronic and
Information Engineering, Tianjin Vocational Insti-
tute, Tianjin, China. Her research interests include
WSN and mobile computing.

TING ZHANG (Member, IEEE) was born in 1972.
She is currently pursuing the Ph.D. degree. She is
also a Researcher with the Tianjin University of
Technology, Tianjin, China. Her research interests
include ITS, WSN, and so on.

YA-MENG TANG (Member, IEEE) was born
in 1994. She is currently pursuing the Ph.D.
degree. She is also a Researcher with the Tian-
jin University of Technology, Tianjin, China.
Her research interests include the IoT, WSN, and
mobile computing.

JIAN-NING QIU (Member, IEEE) was born
in 1981. He is currently pursuing the Ph.D. degree.
He is also a Researcher with the Tianjin University
of Technology, Tianjin, China. His research inter-
ests include the IoT, WSN, and mobile computing.

69071



	INTRODUCTION
	RELATED WORKS
	DESCRIPTION OF THE ALGORITHM
	PRIORITY PATH SELECTION STRATEGY
	ENERGY MODEL
	LINK LIFETIME
	PRIORITY CALCULATION

	LLECP-AOMDV ALGORITHM
	ROUTING SELECTION BASED ON ENERGY LEVEL
	ROUTE UPDATE REGULATION
	ROUTE MAINTENANCE

	DESCRIPTION OF THE ALGORITHM
	THEORETICAL ANALYSIS OF THE COMPLEXITY OF THE ALGORITHM

	PERFORMANCE EVALUATION
	TEST ENVIRONMENT AND PARAMETER SETTINGS
	PACKET DELIVERY RATE
	AVERAGE END-TO-END DELAY
	ENERGY CONSUMPTION

	EXPERIMENT TESTS BASED ON SIMULATION AND ANALYSIS
	TESTS WITH REAL SCENARIOS

	CONCLUSION
	REFERENCES
	Biographies
	DE-GAN ZHANG
	LU CHEN
	JIE ZHANG
	JIE CHEN
	TING ZHANG
	YA-MENG TANG
	JIAN-NING QIU


