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Abstract With the advent of 5G, multi-homing will be an

increasingly common scenario, which is expected to increase

transmission rates, improve transmission reliability, and re-

duce costs for users. However, the current routing meth-

ods are unable to fully utilize the resources of networks to

achieve high-performance data transmission for multi-homed

devices. In the current routing mechanism, there is only one

destination address in the packet forwarded to the multi-

homed host. Thus, the packet is difficult to adjust its path

on the fly according to the status of the network to achieve

better performance. In this paper, we present an efficient

routing schema in multi-homing scenario based on protocol-

oblivious forwarding (POF). In the proposed schema, the

packet forwarded to the multi-homed host carries multiple

destination addresses to obtain the ability of switching the

transmission path; meanwhile, the router dynamically adjusts

the path of the packet through the perception of the network

status. Experimental results show that our schema could uti-

lize the alternative paths properly and significantly improve

the transmission efficiency.

Keywords multi-homing, routing, software-defined net-

working, protocol-oblivious forwarding

1 Introduction

With the explosive growth of network data, multi-homing
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is increasingly required to increase transmission efficiency.

The statistics forecast that the global mobile data traffic will

reach 49 exabytes per month in 2021 at a compound annual

growth rate of 47 percent [1]. Mobile devices now usually

connect the networks through various wireless access tech-

niques, such as Wi-Fi, 3G and 4G. Through the multiple ac-

cess technologies, users can enjoy better services, such as

high transmission rate, high reliability and low cost. With the

coming of 5G network, multi-homing will give users more

choices to connect the network. Thus, multi-homing will be

more necessary in future to help users achieve better quality

of experience (QoE). Different access networks usually have

different service capabilities. The authors in [2] point out that

the concurrent use of multiple heterogeneous networks with-

out proper control methods could even perform worse than

one fast network. Thus, it is still important to design a method

to provide desired services for users based on the dynamic

status of the network.

The network is required to provide services with high-

throughput and low-latency for some specified applications.

Thus, the network should have the capability to dynamically

adjust the flows of the applications when the current paths of

flows cannot meet the demands. There are some techniques

to implement dynamic selection of the paths, such as any-

cast and load balancer. Anycast [3] could enable the router to

forward the packet to one of a group of hosts. This property

of anycast enables it to discover the nearest resources. But

it is difficult to deploy on a large scale and has poor scala-

bility. Load balancer now is widely used, especially in cloud
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computing [4]. Maglev [5] is a load balancer which has been

used in Google’s services to evenly distribute the packets to

the service endpoints. To implement the function of load bal-

ancing, the network needs the extra deployment of the load

balancers. When the size of the request is large, load bal-

ancer could become a bottleneck of the service, which will

affect the quality of the service [4, 6]. Thus, elastic scalabil-

ity is also problem for load balancers. Besides, as the authors

in [4] say, the load balancers are usually dedicated for special

server instances, and are not used for universal services.

It is difficult to manage today’s network and hard to de-

ploy new protocols without updating the network devices.

To improve the agility of the network, Software-defined

networking (SDN) [7] has been proposed. SDN enable the

programmability of network through decoupling the control

plane and forwarding plane of the network. OpenFlow [8]

is mainstream south-bound protocol of SDN and could sup-

port various protocols. However, OpenFlow is still protocol-

aware and has to be continuously updated to support new pro-

tocols. Programming protocol-independentpacket processors

(P4) [9] and protocol-oblivious forwarding (POF) [10] are the

mainstream protocol-independent methods. P4 implements

protocol-agnostic forwarding by designing a high-level lan-

guage for programming protocol-independent packet proces-

sors. POF has been proposed to implement protocol oblivious

forwarding and provide fully programmability of the network

through defining a set of protocol-agnostic instructions. Be-

cause of the property of protocol oblivious, POF could sup-

port various new protocols, and enable the switch to flexibly

modify and forward the packet according to the command of

the controller. Therefore, POF makes it possible to design a

new and efficient multi-homing routing schema to improve

network flexibility.

In this paper, we design and implement an efficient routing

schema in multi-homing scenario based on POF to enable

agile routing and dynamic path selection. Our contributors

are mainly twofold. First, we introduce the multiple destina-

tion addresses packet to allow the router to adjust the path

of the packet in the process of forwarding, and the dynamic

selection of path could improve the transmission efficiency

and network resource utilization. Second, the maintaining of

network dynamic status information supports the switch to

dynamically select the forwarding port to bypass the links

of poor ability. Experiments demonstrate that the proposed

schema can improve the throughput by about 20% than base-

line methods. Moreover, it can achieve stable performance

even when the difference in path capabilities is very big. The

completion time of the flow can also be reduced to improve

the quality of user’s experience.

The rest of the paper is arranged as below. In Section 2,

we introduce the related work on the protocol-independent

forwarding methods and multi-homing solutions. Section 3

will describe our multi-homing routing schema from differ-

ent parts in detail. This is followed by experimental evalua-

tions of the proposed routing schema in Section 4. Section 5

discusses the status computation method and status collection

method in our future work. Finally, in Section 6, we summa-

rize the work of this paper.

2 Related work

In this part, we will respectively introduce the protocol-

independent forwarding methods and multi-homing solu-

tions.

2.1 Protocol-independent forwarding

P4 and POF are the mainstream protocol-independent meth-

ods. P4 implements protocol-agnostic forwarding by de-

signing a high-level language for programming protocol-

independent packet processors. P4FPGA [11] extends the

compiler of P4 and designs a P4-to-FPGA compiler to sup-

port different architecture configurations. The authors in [12]

translate P4 to DPDK and utilize the DPDK to implement

high speed packet forwarding. Network simulation is impor-

tant to demonstrate the performance of the protocol designs

of the researchers. NS4 [13] has been developed to support

simulation of P4-enabled networks.

POF has been proposed to implement protocol oblivious

forwarding and provide fully programmability of the network

through defining a set of protocol-agnostic instructions. Be-

cause of the property of protocol oblivious, POF could sup-

port various new protocols, and enable the switch to flexibly

modify and forward the packet according to the command of

the controller. Therefore, POF makes it possible to design a

new and efficient multi-homing routing schema to improve

network flexibility. The authors in [14] have discussed the

enhanced programmable property of POF and built a WAN-

based POF network testbed to demonstrate the fully pro-

grammability of POF. Besides, some researches [15] use the

source routing based on POF to improve the SDN scalabil-

ity. The source routing based on POF could decrease the state

explosion of flow tables in SDN switches. POFOX [16] is a

SDN controller for POF that enables users to flexibly man-

age the forwarding of the flows in the POF network. The

authors in [17] present PNPL, a control plane programming
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framework for POF that could automatically generate and

maintain the forwarding pipelines for user-defined protocols.

There are some popular applications that are designed and

developed based on POF. FlowWatcher [18] utilizes the POF-

based source routing to monitor the flow in the network. The

authors in [19] has implemented a POF-based switch which

could forward the packet at 10Gpbs and supports the vehic-

ular networks. Because of the fully programmability, POF

also is widely used in network slicing [20, 21]. The authors

in [21] use the network virtualization based on POF to design

a wireless network system. The system could orchestrate the

network function virtualization to support mobile edge com-

puting (MEC).

2.2 Multi-homing solutions

The network layer’s solutions support multi-homing through

changing the protocol stack or the network architecture. Lo-

cator/ID separation (LIS) and core/edge separation (CES) are

the mainstream strategies to implement multi-homing [22].

IP address has been used as the routing identifier and end-

point identifier. LIS suggests separating these functions into

different parts. The two different parts are the node IDen-

tity (NID) and location IDentity (LID). The NID, which is

unique, is used to identify the host, while the LID is used

for routing. The decoupling of IP addresses can provide mo-

bility and multi-homing. The representative solutions of LIS

are host identity protocol (HIP) [23] and Shim6 [24]. Dif-

ferent from LIS, the CES separates the network into edge

network and core network. This architecture could solve the

routing scalability problem. Locator/ID separation protocol

(LISP) [25] is a presentative of CES. LISP enables separa-

tion of IP addresses into two new numbering spaces: end-

point identifiers (EIDs) and routing locators (RLOCs). EIDs

are used for identifying the devices and independent of the

network topology. RLOCs are used for routing and topologi-

cally assigned to network points. The resolution system real-

izes the mapping between the EIDs and RLOCs. LISP offers

traffic engineering, multi-homing, and mobility benefits.

The transport layer’s proposals implement multi-homing

through establishing multiple paths to improve the reliability

and efficiency of the transmission. Streaming control trans-

mission protocol (SCTP) [26] is a transport layer protocol,

serving in a similar role as the popular protocols TCP and

UDP. It establishes multiple paths: one primary path and

other backup paths. SCTP uses the primary path for data

transmission, and the flow will be switched to the available

backup path when detecting the failure of the primary path.

The authors of [27] argue that the primary path of SCTP

will be switched only when the failure of primary path oc-

curs. This will decrease the efficiency of the transmission.

To efficiently use the paths, the authors suggest the SCTP

chooses the primary path according to the detected round trip

time. Nishida et al. [28] propose a quick failover algorithm

for SCTP to avoid the performance degradation in the path

switching process. Except for using the single primary path,

there are also some researches to use the multiple paths of

SCTP to improve the transmission rate. In [29, 30], the au-

thors propose use concurrent multipath transfer (CMT) to re-

duce the delay and increase the throughput.

Multipath TCP (MPTCP) [31] is another transport layer

multi-homing protocol. It aims at allowing to simultaneously

use multiple paths to maximize resource usage and increase

redundancy. Though the MPTCP could use the multiple paths

to transmit the packets, it still has some problems. As [2, 32]

point out, the performance of MPTCP will degrade dramati-

cally when the paths are heterogeneous. This is because the

default MPTCP scheduler prefers paths with lower RTT and

ignores other properties of the paths, such as bandwidth. To

efficiently utilize the paths, the authors propose to use all rele-

vant information of the path to schedule the flow to the paths.

With the development of SDN, the controller usually could

obtain a lot of network information. Nam et al. [33] have pro-

posed to use the network feedback information in real time to

adjust the flow of different paths. Wang et al. [34] also pro-

pose to distribute the traffic among the multiple paths through

monitoring the status of the paths.

The schemas mentioned above have some limitations.

First, the adjustment of the path is inflexbile and the packet

cannot dynamically change its path during the forwarding

process. This is because the packet generally carries one des-

tination address of the multi-homed host. When forwarding

the packet, the router is not aware that the destination host

of the packet is multi-homed. So the packet can only be for-

warded following the fixed path, even when the path is un-

healthy. Second, the network cannot timely adjust the packet

of the packet according to its status. It at least takes one RTT

time to obtain the status of the path and after that the end-

point could change the path of the packet through chang-

ing the destination addresses. The ideal multi-homing routing

schema should dynamically adjust the packet in the process

of forwarding to improve the stability and efficiency of trans-

mission. However, the current multi-homing methods cannot

meet these needs. Our schema leverages the dynamic infor-

mation of the network and the full programmability of the

POF to facilitate flexible path selection during the forward-
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ing process.

3 Efficient routing schema in multi-homing
scenario based on POF

In this section, we will introduce the design principle of our

proposed routing schema, including the network architecture,

the packet format, and the structure and maintaining of net-

work status information.

3.1 Architecture of network in multi-homing scenario

based on POF

Our routing schema needs the programmability technology

to implement the dynamic path selection and flexible modi-

fication of the packet. POF has been proposed to implement

protocol oblivious forwarding and enable the network fully

programmable through defining a set of protocol-agnostic in-

structions.

Figure 1 shows the architecture of our proposed routing

schema in multi-homing scenario based on POF. The network

architecture contains the control plane and forwarding plane.

The POF controller communicates with POF switch through

POF channel. The controller maintains a mapping system to

implement the mapping from endpoint identifiers (EIDs) to

IPs. EID is the unique identifier of the device. The server re-

quests the IPs of the multi-homed host with EID and the map-

ping system replies with the corresponding IPs. The packet

forwarded to the multi-homed endpoint carries the multiple

destination addresses. After matching each destination ad-

dress of the packet, the router obtains multiple output ports

to output the packet. Thus, the router also maintains a net-

work status information base (NSIB) to select the output port

at each hop. Different from FIB that is computed with static

weights, the NSIB is calculated according to the dynamic in-

formation of the network. After the selection of the output

port, the router deletes the addresses which are not corre-

sponding to the output port to decrease the unnecessary hop.

Therefore, the packet with multi-address could dynamically

adjust its path during the forwarding process to pursue high-

quality performance.

We use the example in Fig. 1 to illustrate the forwarding

process of the multiple destination addresses’ packet. The

server receives 3 IPs through the mapping request of EID1

and inserts them in the packet. After matching FIB for the

multi-address packet at R6, the router could achieve port1

and port2 to output the packet. Then the router compares the

status value of port1 and port2 through NSIB and finds that

the port2 has better status. So the router outputs the packet

through port2. At the same time, the router deletes the des-

tination IP1, which is corresponding to port1, and reserves

IP2 and IP3. The Router R5 selects port1 to forward the

packet and reserves IP2. The next router performs the same

dynamic output port selection and address trimming until the

packet reaches the host.

Fig. 1 Network routing architecture in multi-homing scenario

3.2 Packet format with multiple destination addresses

We insert the additional addresses in “option” fields of the

IPv4 header as shown in Fig. 2. The “header length” field in

the header indicates the length of the IPv4 header. Each des-

tination address will match the forwarding table of the router.

For a packet with n destination addresses, the set of destina-

tion IPs is described as:

IPs = {IP1, IP2, . . . , IPn} . (1)

After matching the FIB, each destination address will obtain

an output port. We assume that we obtain m forwarding ports

and define the output ports and the mapping relationship as:

ports = {port1, port2, . . . , portm} , (2)

mapping (IPi) = port j, 1 � i � n, 1 � j � m. (3)

We classify the addresses according to the output port and the

relationship between them is:

addresses (porti) = {IPi1, IPi2, . . . , IPik} , (4)

where mapping(IPi j) = porti and IPi j ∈ IPs. From the above

analysis, we can see that the packet with multiple destination
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addresses could obtain multiple output ports. Thus, the router

could select the output port to meet the QoS requirement of

the packet. The normal IP packet has only one destination

IP address for the multi-homing network. When the packet

matches the FIB, it will only have one forwarding port ac-

cording to the longest prefix matching. The packet cannot ad-

just its path when confronting link congestion or failure.

Fig. 2 Multiple destination addresses’ packet format

3.3 Network status information maintenance

NSIB is used for directing the forwarding of the multiple des-

tination addresses’ packet with multiple output ports. It main-

tains the status of the surrounding links connected with the

port. The structure of NSIB is shown in Fig. 3. The match

field is the port identifier of the router. The calculation of sta-

tus value of the port is defined as:

status_value = S (X), X = (x1, x2, . . . , xk), (5)

where X is the network information collected from that port,

including bandwidth, load, and delay. S (X) can be flexibly

defined based on the optimization goal. After matching the

FIB, there may be multiple output ports for the multiple des-

tination addresses’ packet. So the router could select among

these ports according to the values of the ports. The packet

usually chooses the output port with the best status value.

Fig. 3 NSIB structure

The status table directs the forwarding of the flows in the

network. The objective of it is to properly distribute the traffic

in the network to improve the efficiency of the transmission.

Thus, the computation of status value could be described as

an optimization problem with constraints. The dynamic net-

work can be described as G(V, E, S ), where V and E are the

nodes and edges of the network, S are the dynamic status val-

ues of the ports. We define the problem under constraints as

follows:

maxΦ(X), X = (x1, x2, . . . , xk), (6)

where Φ is an objective function defined according to the

need of service, and X is the dynamic information of the link,

such as load, capacity and delay. For example, to balance the

traffic in the network, Φ can be the link utilization fu,v/cu,v,

where fu,v and cu,v are respectively the load and capacity of

the link. The objective is to minimize max(u,v)∈V Φ( fu,v, cu,v)

and the constraint is
∑

d∈V f d
u,v � cu,v. We assume the multi-

address flow has m available output ports {p1, p2, . . . , pm} and

the corresponding status values are {s1, s2, . . . , sm}. The router

selects the port pk (1 � k � m) with the best status value,

which satisfies sk � si (i � k). Thus, the status values S of

the router needs to be carefully calculated to meet the require-

ments of the objective function. The status values S could be

defined according to the demand, such as load.

In this paper, to maximize the throughput of the trans-

mission, we hope the router selects the output port with

the largest available bandwidth for the multi-address packet.

Thus, the computation of status value is defined as

S (X) = bandwidth − load. (7)

That is to say, the router makes decisions with the greedy

algorithm and selects the output port with the best available

bandwidth.

We need a strategy to construct and maintain the status val-

ues of the different ports. The status value represents the sta-

tus of the paths to the destination through the port. At each

hop, the router may have multiple output ports to forward

the multiple destination addresses’ packet, but it is unaware

of which port is better. Some researchers have used periodic

probes in datacenter network to achieve in-network load bal-

ancing, such as CONGA [35] and HULA [36]. The periodic

probing of the whole network will result in high overhead.

To reduce the overhead of the process, we use the passive

network measurement method. The switch maintains a task

to monitor the loads of the links of the switch. We divide

the load of the link to N different levels. If the load of the

link changes from one level to another, the switch will send

a status change message to the controller. Then the controller

will modify the status value of the port in the status table.

The passive measurement method decreases the unnecessary

overhead compared to active measurement method when the

network is stable. Besides, we could also improve the accu-

racy of the measurement through increasing the number N,

which could capture the small change of the network.
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3.4 Output port selection

The port selection process selects the output port after sorting

the status values of the matched ports. The mapping relation-

ship between the matched ports and the corresponding status

is defined as:

mapping (porti) = valuei, 1 � i � m. (8)

We define the key-value pairs of port and status value as:

map (port, value) = {port1 : value1, port2 : value2,

. . . , portm : valuem} .
(9)

After obtaining these key-value pairs, we will sort the ports

by the value and select the port with best value. The port se-

lection function is defined as:

portx = select_port ( f (X), pack)

= select_port (map (port, value)) ,
(10)

where pack is the packet carrying multiple destination ad-

dresses. The select_port function sorts the status values of

the ports and selects the output port with best status.

3.5 Addresses trimming

At each hop, after the matching of FIB, the router may ob-

tain multiple output ports to forward the multiple destina-

tion addresses’ packet. Then, the router compares the status

values of different output ports to determine which port to

forward the packet. The router chooses the output port that

has the best status value after matching the NSIB. It clas-

sifies the addresses based on the matched output port. The

addresses that correspond the best output port are called “se-

lected addresses”, and other addresses are called “unselected

addresses”. The selected addresses are remained for routing

and forwarding in the rest of the path. The unselected ad-

dresses should be deleted according to the need. The address

trimming method is shown in Algorithm 1. The destination

addresses of the packet will be dynamically trimmed during

the forwarding process at each hop.

Algorithm 1 Delete the address according to the selected output port

1: function Address_Deletion_method(address, selected_port)

2: if mapping(address)! = selected_port then

3: delete the address

4: else

5: reserve the address

6: end if

7: end function

4 Performance evaluation

In this section, the performance of our routing schema in

multi-homing scenario based on POF will be demonstrated.

4.1 Experiment setup

Mininet is chosen as the simulation platform, which has

been widely used in SDN simulation. The switch we use is

software-based POFSwitch [10], and the controller is the ex-

tended POX controller. We make use of the raw socket to

enable the multi-homed host to receive packets at multiple

interfaces. We choose three ISP topologies from Rocketfuel

inter-domain topology data [37] to construct our topology.

The topology information is descried in Table 1. Figure 4

shows the connection of the simulation topology. The reason

why we use multiple ASes is to simulate the host connects

two different ISPs. The whole topology could be seen as a

router-level topology.

Table 1 Summary of ISP topologies

AS number Nodes Links

4006 7 18

4725 11 26

6461 19 68

Fig. 4 Simulation topology

We will evaluate our routing schema from different parts.

First, we demonstrate the performance of our routing schema

by comparing it with HIP [23], TCP, ECMP [38], SCTP [26]

and Multipath TCP [31] in terms of the transmission stabil-

ity and flow completion time. Besides, the performances of

different port selection methods are compared in Section 4.4

to prove the superiority of selecting the output port according

to the status of the network. Our routing schema focuses on

implementing and optimizing multi-homing at network layer.

Although SCTP and MPTCP work at different layer with our

schema, the goal is also to improve the performance of trans-

mission. Thus, the results still can illustrate the advantages of

our routing schema.



Pufang MA et al. An efficient multipath routing schema in multi-homing scenario based on protocol-oblivious forwarding 7

Our multi-homing routing method can be used for both

TCP and UDP. The version of MPTCP we use is 0.90 im-

plemented in the Linux Kernel by the IP Networking Lab

[39]. The abbreviation of our multi-homing network routing

schema is MHNR. We will evaluate the transmission effi-

ciency of our method in heterogeneous paths and different

network loads. We use Eq. (7) to calculate the status value in

the simulation where the router selects the output port with

the largest available bandwidth for the multi-address packet.

4.2 Transmission stability in heterogeneous paths

In the part, we will test our multi-homing routing schema in

the heterogeneous conditions. The authors in [2] point out

that the concurrent use of multiple heterogeneous networks

without proper control algorithms could perform even worse

than one fast network. In our simulation, the host, which is

multi-homed, randomly connects one switch from AS 4006

and 4725, and the server randomly connects one switch from

AS 6461. The bandwidth values of the links in AS 6461 and

AS 4006 are respectively 30Mbps and 10Mbps. We set the

bandwidth values of the links in AS 4725 to be 0.5Mbps,

1Mbps, 2Mbps, 4Mbps and 8Mbps to compare transmission

stability in heterogeneous paths, which respectively corre-

spond to scenarios 1, 2, 3, 4 and 5 in Fig. 5. IPerf3 is used

to test the throughput from the server to the host. The results

are averaged over 10 runs in each scenario.

Fig. 5 Transmission performance in heterogeneous paths

Figure 5 describes the average throughput of different

methods under the heterogeneous scenarios. The scenarios

1 and 2 in Fig. 5 show that when the paths are heteroge-

neous, the performance of MPTCP degrades severely and is

even worse than TCP. At this case, it is better to abandon

the path with poor transmission capacity. In scenarios 3, 4

and 5, with the increase of the link’s bandwidth, the perfor-

mance of MPTCP gradually improves. Since HIP, TCP and

SCTP only use one path to transmit data, the performances

of them are stable. ECMP performs a little better than TCP

and SCTP. The throughput could improve about 20% com-

pared with HIP and SCTP in scenarios 4 and 5. It also outper-

forms MPTCP when the transmission differences between the

paths are large. But it does not perform better than MPTCP

and our routing schema when the paths have small difference

in transmission in scenarios 4 and 5. This is because ECMP

could use multiple paths only when the costs of the multiple

paths are equal, which is not usual for the flows. Our multi-

homing routing schema behaves well when the bandwidth of

the paths greatly differs. Because our routing schema could

identify the heterogeneity of the paths and discard the path

of poor performance. Besides, the average throughput of our

method improves 20% compared with MPTCP. Due to carry-

ing multiple destination addresses, our routing method could

discover available links to improve the throughput.

4.3 Flow completion time in different network loads

In this part, we simulate the client requests contents from

the server where the host randomly connects two switches

from two different ISPs and the server randomly connects

one switch in the third ISP. The bandwidth values of all links

are 50Mbps. Ten groups of clients and servers are used. The

client requests contents from server, and the requests follow

a Poisson process. The flow sizes of requested contents have

heavy-tailed characteristics. We use the web search workload

in [40] to simulate the traffic patterns. Flow completion time

(FCT) is used as the performance metric. We change the net-

work load through changing the request rate of contents to

test the performance of different methods under different net-

work load.

Figure 6 shows the FCT performance of different methods

under the loads from 0.1 to 0.9. Figs. 6(a), 6(b) and 6(c) re-

spectively indicate the average flow completion times of all

flows, small flows and large flows under different network

load. The researchers in [36] point out that the sizes of the

flows in the network are heavy tailed. That is to say, most of

the flows in the network are small, but the small number of

large flows contribute to about 80% of the traffic in the net-

work. The average performance of FCT may mainly reflect

the performance of large flows. It is possible that the perfor-

mance of small flows is bad while the average performance

is pretty good. Thus, we particularly show the performance

of small flows with the method in Fig. 6(b). We can see that

MPTCP and MHNR performance better than HIP and SCTP.

Because they can use the idle resources of the network to

improve transmission efficiency. ECMP performs better than



8 Front. Comput. Sci., 2020, 14(4): 144501

TCP and SCTP and decreases the FCT by about 5%. But its

performance is worse than MPTCP with an increase of 10.1%

in FCT when the load of the network is high. This is because

ECMP could use multiple paths only when the costs of the

multiple paths are equal. MHNR and MPTCP have almost the

same performance when the network loads are low. However,

when the loads of the network increase, MHNR has better

performance than MPTCP. When the load of network is up to

70%, the FCT of MHNR decreases about 18% than MPTCP.

This is because MHNR has dynamic state information of the

network and can adjust the paths of flows when congestion

occurs.

Fig. 6 FCT under different network loads. (a) Overall average FCT; (b)
small flows (<100KB); (c) large flows (>10MB)

4.4 Transmission performances of different port selection

methods

In the above experiment, we select the output port based on

the status value of the port which is calculated according to

Eq. (7). The router could also select the available output port

using other methods, such as random selection and polling se-

lection, which may be simpler than status selection. Random

selection randomly selects the output port from the available

ports, while polling selection in turn uses the ports. They do

not need the dynamic information of the network. In the fol-

lowing, we compare the performances of different output port

selection methods to discuss whether the status selection can

obtain the satisfactory performance.

We compare the transmission stability of three different

port selection methods in Scenarios 1 and 5 which are de-

scribed in Section 4.2. Figure 7 shows that the status selection

could achieve higher throughput and more stable than ran-

dom selection and polling selection. The transmission jitter

of random selection is very severe. This is because random

selection is not aware of the status of the network, which

will cause the out-of-order of the packets. The performance

of polling selection is better than random selection, but its

Fig. 7 Transmission stability of different port selections. (a) Scenario 1; (b)
Scenario 5
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throughput is still lower than status selection. Thus, we con-

clude that it is necessary to select the output port according

to the status of the network.

5 Discussion

In our current work, there are still some points to be further

improved, including the status computing function. The fo-

cus of this paper is to introduce the principle of our proposed

efficient multipath routing schema in multi-homing scenario.

We want to highlight the advantages of the routing schema.

Thus, the computation method of status value is not complex.

We are now trying to optimize the computation of status value

with improved maximum flow method and convex optimiza-

tion method. Heuristic methods are also a good way to opti-

mize the computation. The classical ant colony optimization

is used in AntNet [41] to implement adaptive routing, which

optimizes the selection of the path of the packet through

exchanging collected information. Therefore, in our future

work, we will try to use the appropriate heuristic method to

improve the accuracy of the status value.

Additional delay is introduced in the process of status in-

formation collection, which will affect the performance of the

transmission. When the topology of the network is large, the

delay will increase. Thus, it is also difficult to maintain the

global status of the network for a single controller in real-

time. To solve these problems, some researchers [42] has

proposed the distributed architecture of SDN control plane.

Each controller maintains an area of switches and can quickly

respond to the local events. The distributed controllers ex-

change the network status information through the east-west

interface. Thus, the control plane can obtain the global sta-

tus of the network in relatively real-time. The communication

and synchronization between the multiple controllers could

also be a problem. Therefore, we will try to use the dis-

tributed multiple controllers to solve these problems in our

future work.

6 Conclusion

In this letter, we propose and implement an efficient routing

schema in multi-homing scenario based on POF to enable

the dynamic path adjustment of the packet with multiple

destination addresses according to the status of the network.

Experimental results show that our routing schema could ef-

fectively use the idle resources of the network to increase

the throughput by more than 20% and achieve more stable

transmission performance in heterogeneous paths and heavy

network loads compared with HIP, SCTP and MPTCP. Be-

sides, when the load of network is up to 70%, the schema

can reduce the completion time of the flow by about 18%

compared with MPTCP.
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